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FOREWORD 
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Technologies  Corporation,  P.O.  Box  2691,  West  Palm  Beach,  Florida,  33402,  in  accordance  with 
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SUMMARY 


The  objective  of  thin  program  was  to  develop  a lubrication  system  that  will  reduce  turbine 
engine  vulnerability,  weight,  frontal  area  and  increase  reliability.  This  was  accomplished  by 
selecting,  through  conceptual  design  studies,  a compartmental  lubrication  system  for  detailed 
evaluation,  design,  and  subsequent  component  and  full-scale  rig  testing. 

The  F100-PW-100  engine  was  used  as  a baseline  for  sizing  components,  evaluating 
performance  characteristics,  and  establishing  bearing  compartment  geometry  limitations.  An 
optimum  compartmental  lubrication  system  design  concept  was  selected  for  testing  after  the 
trade  studies  and  preliminary  design  phases  were  completed.  The  final  system  evaluation  of  the 
optimum  concept  was  compared  with  the  baseline  F100-PW-100  engine  with  the  following 
results: 

• Vulnerability  was  reduced  28.8  percent 

• Maintainability  requirements  were  reduced  5,756  maintenance  man-hours 
per  million  engine  flight  hours 

• Reliability  was  increased  with  962  fewer  part  discrepancies  per  million  engine 
flight  hours 

• Lubrication  system  weight  was  increased  1.7  lb 

• Coat  was  decreased  $906  per  engine  or  $4.1  million  on  a life-cycle  basis 

• Frontal  area  was  decreased  by  80  in.’ 

• Starting  and  windmill  operation  was  unchanged 

• Time  between  oil  filter  changes  were  decreased  approximately  10  percent  due 
to  increased  air  leakage  into  the  No.  1.  4,  and  5 compartments  resulting  from 
the  use  of  labyrinth  mainshaft  seals. 

The  program  was  conducted  in  three  phases.  During  Phase  I,  design  trade  studies  were 
initiated  by  formulating  a comprehensive  list  of  lubrication  system  component  concepts  and 
possible  engine  locations.  A qualitative  evaluation  of  components  and  locations  was  conducted 
based  on  previous  experience  and  studies.  Five  system  schemes  were  configured,  using  the  most 
promising  component  concepts  and  locations.  These  schemes  were  configured  around  the 
F100-PW- 100  engine  flowpath  and  bearing  compartment  arrangement  as  a representative  engine. 
A sixth  scheme  was  added  to  the  trade  studies  to  evaluate  the  armor  plating  of  lubrication  system 
components. 

Quantitative  analyses  were  performed  on  a component  basis  for  each  of  the  schemes  and 
compared  to  the  baseline  engine.  The  armor  plate  scheme  obtained  the  greatest  number  of  points 
during  the  quantitative  analysis.  However,  this  scheme  was  eliminated  due  to  excessive  weight 
(greater  than  ,100  tb).  Following  the  quantitative  analyses,  an  optimum  compartmental 
lubrication  system  concept  was  formulated  using  selected  components  of  the  five  schemes. 

Phase  II  consisted  of  (1)  a preliminary  layout  design  of  the  optimum  system, 
(2>  re-evaluation  of  the  system  as  compared  to  the  baseline  Fl(X)  engine  on  the  basis  of 


xiv 


vulnerability,  maintainability,  reliability,  weight,  acquisition  cost,  life-cycle  cost,  frontal  area, 
starting,  windmilling  operation,  and  oil  contamination  tolerance,  and  dl)  final  engine  layout 
design  of  the  optimum  system  selected. 

During  Phase  III,  the  optimum  compartmental  lubrication  system  design  was  finalized, 
fabricated,  and  tested.  A total  of  60  hours  of  run  time  was  accumulated  on  the  critical 
components  through  bench  tests.  This  was  followed  by  (57  hours  of  system  tests  of  which  50  hours 
was  simulated  mission  endurance  time.  The  system  tests  provided  substantiation  of  the  small, 
high-speed  components  integrally  mounted  with  a small  volume  oil  tank  in  a conventional 
bearing  compartment.  The  following  is  a summary  of  the  test  results: 

• Demonstrated  the  durability  and  performance  of  the  10, (XX)  rpm  high-speed 
(2.f»  times  conventional  engine  pump  speeds)  oil  pump  and  drive  gear  train 

• Deaerated  three  times  the  conventional  engine  air  leakage  in  a small  volume 
oil  tank 

• Scavenged  the  bearing  compartment  preventing  adverse  heat  generation  due 
to  oil  churning 

• Demonstrated  the  compartmental  lubrication  system  concept  as  a viable 
approach  to  improve  system  vulnerability  for  future  engine  applications. 
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SECTION  I 
INTRODUCTION 


1.  BACKGROUND 

The  lubrication  system  is  one  of  the  most  vulnerable  areas  in  current  gas  turbine  engines. 
Vulnerability  of  the  lubrication  system  components  to  small  arms  fire  and  missile  shrapnel 
results  primarily  from  their  location  on  the  outside  of  the  engine.  A hit  in  any  of  the  lubrication 
system  components  would  most  likely  result  in  loss  of  oil  to  the  entire  system  in  a short  period  of 
time.  With  continued  operation,  this  oil  loss  will  lead  to  bearing  and/or  gear  distress  and 
eventually  to  loss  of  the  engine. 

In  the  last  two  decades,  significant  advances  have  been  made  in  increasing  the 
thrust/weight  ratio  of  gas  turbine  engines.  This  has  been  achieved  primarily  through  technology 
improvements  of  the  large  engine  components,  i.e.,  the  compressor,  turbine,  combustor,  and 
augmentor.  Kngine  lubrication  system  design  refinements  and  miniaturization  have  not  kept 
pace  with  the  larger  components,  primarily  because  engine  program  development  schedules  and 
funding  limitations  have  precluded  investigation  of  promising  lubrication  system  configurations 
that  incorporate  unproven  concepts. 

Since  most  of  the  lubrication  system  components  can  be  mounted  externally  to  the  engine, 
it  has  been  the  tendency  to  design  the  lubrication  system  around  the  engine  rather  than  making 
it  an  integral  part  of  the  design  requirements.  Maintainability  considerations  have  resulted  in 
locating  most  of  the  components  on  the  bottom  of  the  engine  external  to  the  outer  case,  increasing 
their  vulnerability. 

Lubrication  system  component  state-of-the-art  and  maintainability  have  dictated  system 
configuration  for  current  engines.  These  considerations  have  resulted  in  highly  vulnerable 
systems.  Recent  improvements  in  engine  airframe  integration  have  reduced  turnaround  time  for 
engine  removal  and  reinstallation  in  the  aircraft  to  less  than  30  minutes.  This  lessens  the 
importance  of  lubrication  system  component  exposure  on  the  bottom  of  the  engine  as  a 
maintainability  criteria.  Consideration  of  lubrication  system  vulnerable  locations,  identification 
of  pertinent  component  state-of-the-art  limitations,  and  appropriate  component  technology 
advances  can  significantly  reduce  vulnerability  with  minimum  impact  on  maintainability. 

Reduced  vulnerability  can  be  achieved  by:  (1)  integrating  components  within  the  engine  to 
reduce  exposed  area,  (21  reducing  component  volume  by  providing  high-speed  components,  and 
(.'ll  locating  components  so  that  critical  items  are  shielded  by  engine  structure,  l/ocating 
lubrication  components  near  critical  engine  components,  thereby  reducing  the  overall  exjiosed 
critical  engine/lubrication  area,  is  another  means  of  reducing  vulnerability. 

Development  risk  and  cost  of  these  integration  techniques  must  reflect  a growing  concern  for 
reducing  overall  system  costs  bv  maintaining  a goal  of  low-risk  development  and  reasonable 
production  pricing.  The  ideal  system  must  not  adversely  impact  overall  engine  performance  and 
weight.  Since  gas  turbine  engines  must  be  field  maintainable,  the  lubrication  system  design 
implementation  must  reflect  proper  considerations  for  routine  engine  service  and  component 
repair  or  replacement.  Therefore,  the  problem  is  not  just  one  of  component  integration,  but 
component  integration  in  a manner  which  does  not  severely  sacrifice  other  important  operational 
criteria. 
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2.  SCOPE 


The  Compart  mental  Lubrication  System  program  was  it  comprehensive  design  study  tmd 
experimental  program  to  reduce  lubrication  system  vulnerability.  weight,  and  frontal  area,  and 
increase  reliability.  The  finished  product  is  an  engine  system  design  with  a low  vulnerability 
conqiart  mental  lubrication  system  which  was  successfully  tested  at  both  coni|s>nent  and  system 
levels.  The  compart  mental  lubrication  system  program  was  conducted  in  three  phases,  as 
outlined  in  the  Statement  of  Work. 

Phase  I consisted  of  the  quantitative  evaluation  of  five  system  configurations  plus  the  KltHi 
PW-100  as  a baseline  engine  on  the  basis  of  vulnerability,  maintainability,  reliability,  acquisition 
costs,  life-cycle  costs,  weight,  frontal  area,  manufacturing,  assembly,  and  development 
considerations,  and  system  compromises  These  candidate  systems  were  configured  as  the  result 
of  a detailed  qualitative  evaluation  of  various  lubrication  component  concepts  and  possible 
engine  locations  An  optimum  concept  was  selected  on  this  basis  for  further  analysis  in  the 
preliminary  design  effort  of  Phase  11. 

The  preliminary  design  of  the  selected  system  was  divided  into  three  tasks,  comprising 
Phase  II  of  the  program.  In  the  first  task  of  this  phase  the  lubrication  system  components  of  the 
selected  system  were  designed  into  the  bearing  compartments  of  the  FlOO-PW  100  engine  as  a 
representative  engine  In  Task  II,  the  selected  system  was  again  evaluated  using  the  contract 
statement  of  work  criteria  and  compared  with  the  KlOO  PW-lOO  lubrication  system  as  a baseline 
Task  III  provided  for  the  refinement  and  improvement  of  the  advanced  system  in  those  areas 
deemed  necessary  by  the  Task  II  analysis. 

Phase  111  was  performed  in  five  tasks  consisting  of  detail  design,  fabrication,  and  testing.  In 
Task  1,  critical  components  identified  in  Phase  11  were  detail  designed.  Task  II  involved  the 
fabrication  of  components  designed  in  Task  I and  testing  of  those  critical  components.  The 
remaining  components  of  the  advanced  system  were  detail  designed  in  Task  111  to  the  extent 
necessary  for  experimental  evaluation.  Kig  modifications  required  for  system  tests  were  designed 
in  this  task. 

Task  IV  provided  for  the  fabrication  of  the  hardware  designed  in  Task  III.  and  the  assembly 
of  the  system  rig. 

Task  V successfully  demonstrated  the  advanced  system  concept  through  a 50-hour 
endurance  test  of  the  total  system  conducted  on  an  integrated  basis  under  simulated  engine 
operating  conditions. 

3.  SYSTEM  SAFETY  ANALY8IS  REPORT 

The  System  Safety  Analysis  conducted  during  the  design  phase  tor  component  and  system 
testing  is  documented  in  Appendix  O. 
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SECTION  II 

PNA8E  I — DESIGN  TRADE  STUDIES 


1.  APPROACH  TO  8YSTEM  SELECTION 
•.  General  Ground  Rulee 

The  FlOO-PW-lOO  engine  was  selected  as  the  baseline  engine  for  comparison  with  the 
candidate  compart  mental  lubrication  system  schemes  During  formulation  of  the  schemes,  it 
became  apparent  that  some  generalized  ground  rules  would  he  required  to  make  the  results  of  the 
analyses  applicable  to  a gas  turbine  engine  in  the  thrust  range  of  the  FlOO-PW-lOO  without 
excessively  restricting  the  study  to  minor  modifications  of  this  engine  model.  The  following 
ground  rules  and  assumptions  were  used 

e The  engine  aerodynamics  were  not  changed  from  the  baseline  engine;  i.e.,  the 
hlades  and  vanes  and  assiviated  rotating  hardware  were  not  modified. 

• Static  internal  structures,  such  as  the  Waring  compartment  walls,  were 
modified  as  required  to  accommodate  lubrication  system  components; 
however,  the  maximum  outer  case  dimensions  were  unchanged.  Modification 
to  outer  case  structure  to  provide  access  to  internal  com|M>nents  was 
acceptable. 

• Present  FlOO-PW-lOO  specifications  for  fuel  temperature  at  the  engine- 
airframe  interface  were  maintained.  This  resulted  in  200  "K  maximum  fuel 
temperature  at  fuel  flows  of  5000  lb  hr  eng  me  and  less 

• Kxisting  maximum  fuel  and  oil  temperature  guidelines  to  prevent  thermal 
breakdown  were  maintained.  These  limits  an*  285‘T’  at  the  fuel  control,  32ft  “F 
fuel  nozzle  temperature,  and  3ftO°F  hulk  oil  temperature  out  of  the  engine. 

• No  deviation  from  standard  gas  turbine  engine  fuels  and  oils  was  permitted. 
MIL-L-7806  or  MIL-L-23699  oil  was  used  for  the  analyses  in  conjunction  with 
MIL  T 5624  (JP-4  or  Jp.ftl  fuel 

• Lubrication  system  vulnerability  was  calculated  as  it  the  engine  was  in  a test 
stand,  i.e.,  without  reference  to  a specific  aircraft 

• All  lubrication  system  components  were  sized  and  selected  based  on 
technology  advances  that  could  be  accomplished  with  minimum  risk  during 
the  contract  period. 

• The  engine  (light  envelope  was  assumed  to  be  the  same  as  the  FlOO-PW-lOO. 

• F.ngine  lubrication  system  heat  generation  was  assumed  to  be  the  same  as 
that  of  the  FlOO-PW-lOO. 

• Kngine  must  operate  at  oil  temperatures  corresponding  to  a kinematic 
viscosity  of  1 3, (XX)  os  ( 40°F  for  MIL  L 23699  and  6ft°F  for  MIL  L 7808). 
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• The  statement  of  work  required  that  the  lubrication  system  design  provide  an 
option  for  internal  location  of  the  engine  alternator.  Review  of  the  engine 
structure  resulted  in  three  candidate  locations  for  the  alternator.  (II  in  front 
of  the  No.  1 compartment,  (2)  in  the  No.  2-3  compartment.  and  t.'t)  in  the  rear 
of  the  No.  5 compartment.  The  No.  f>  compartment  location  was  ruled  out  due 
to  excessive  environmental  temperatures.  The  No  2-3  compartment  was 
ruled  out  because  location  of  the  alternator  in  this  compartment  would 
significantly  reduce  the  space  available  for  other  luhrication  components 
Consequently,  the  location  of  the  alternator  in  the  front  of  the  No.  1 
compartment  was  selected  for  all  schemes 

Using  the  above  ground  rules,  a list  of  all  conventional  lubrication  system  com|>onents  and 
locations  were  rated  on  a qualitative  basis.  The  most  promising  components  and  locations  were 
combined  to  formulate  the  candidate  compartmental  lubrication  system  schemes  to  lie  rated 
against  each  other  and  the  baseline  system  on  a quantitative  basis 

b.  Component  Identification 

During  the  initial  stage  of  the  program,  candidate  luhrication  component  concepts  and 
engine  locations  for  these  components  were  identified  This  list  is  shown  in  Table  1.  A qualitative 
evaluation  of  these  components  and  locations  was  made  based  on  experience  gained  from 
previous  lubrication  and  accessories  studies.  The  following  component  concepts  were  eliminated 
from  consideration  on  a qualitative  basis: 


Comfxment/Concept 

Reason  for  Elimination 

Centrifugal  supply  or 
scavenge  pump 

Not  a positive  displacement  pump;  inability  to 
operate  with  cold  oil  and  any  downstream 
restriction,  such  as  contamination,  would 
result  in  a reduction  in  oil  flow. 

.let  scavenge  pump 

Same  as  for  centrifugal  pump. 

(•as  turbine  drive  for 
pumps 

I-arge  volume  and  weight  penalty;  hot  air  in 
bearing  compartments;  performance  penalty 
on  engine. 

Rotating  tube  centri- 
fugal supply  through 
the  shaft  from 
the  No.  2-3  to  No.  4 
compartment. 

Requires  inner  shaft  seals  at  No.  4 compart 
ment;  blocks  cooling  airflow  to  turbine;  results 
in  (invented  compressor  bore,  which  would 
require  heavier  disk  and  supports;  possibility  of 
(Hiking  oil  in  hot  shaft  environment;  increased 
balancing  problems  with  shaft. 

Vent  No.  4 compart- 
ment through  shaft  to 

No.  2-3  compartment 

Same  as  for  preceding  concept. 

THKRMAL  SKIN*  air- 
oil  coolers  in  interme- 
diate case  struts 

Insufficient  surface  area  due  to  low  air  side  heat 
transfer  coefficients.  Difficult  to  remove  for 
inspection  or  repair. 
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The  remaining  component  concept*  were  combined  into  five  low  \ ulnernbiliti  lubrication 
scheme*.  which  were  rated  agHinst  each  other  on  a quantitative  basis  A sixth  scheme  was  added 
to  evaluate  armor  plating  of  lubrication  system  components;  however,  this  scheme  was 
eliminated  due  to  excessive  weight  (greater  than  JWO  fb) 


TABLE  1 

LUBRICATION  SYSTEM  COMPONENT  CONCEPTS  AND  ENGINE  LOCATION 


/fosiMc  txH-ututfo  u/  Engine  t.uhmution  System  I'nsipiwnU 


Rearing 

Engine  Innrr  Strut*  and 

If  > pass 

Kitrrnal  of 

Fore  and  Aft 

/-ubrication  System  t'omparurnti 

Com/iar(i«ent» 

Wall  lanes 

Ikictt 

m 1 

End  ( \>mj<artmrnh 

Oil  Supply  and  Scavenge  Pumps 

C«ear 

X 

X 

X 

Vane 

X 

Centrifugal 

X 

Jet 

X 

X 

Rotating  Tube 

X 

Blowdown  Scavenge  Ss»l«m 

X 

Pump  l)nve  Systems 
('•earecl  through  Tower  Shaft 

X 

X 

tleared  off  Rotor 

X 

X 

Filter 

Rypaaa 

X 

X 

X 

Nonbvpaaa 

X 

X 

X 

Centrifugal 

X 

Heat  Kichangere  (Coolere) 

Plate  Fin 

Shell  and  Tube 

Finned  Wall 

X 

X 

X 

THERM  M.  SKIN* 

Heat  Pipea 

X 

X 

X 

Deaerators  Droilera 

Centrifugal 

X 

Can 

X 

X 

X 

Rotor 

X 

Oil  Tanka 

Internal  Reservoir 

X 

X 

External  Reservoir 

Integrated 

X 

X 

X 

Hreather 

Scavenge 

X 

X 

Vent  Tube 

X 

X 

Chip  Detectors 

Magnetic 

X 

X 

X 

Rvpaaa  V alvea 
IMter 
C is'ler 


i 
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X 

X 


X 

X 


X 

X 


c.  Quantitative  Analysis  Criteria  — Phase  I 


The  most  promising  component  concepts  were  combined  to  create  five  candidate 
compart  mental  lubrication  system  schemes  Each  of  these  was  rated  quantitatively  according  to 
the  weighted  criteria  listed  in  Table  'J  The  weighted  values  of  this  table  were  coordinated  with 
the  AFAPL  Project  Engineer  Each  of  these  schemes  was  evaluated  on  a differential  value  basis 
ti  e.,  .A weight,  Acoat,  etc.)  as  compared  to  the  baseline  engine  The  quantitative  evaluations  were 
made  using  mechanical  layout  studies,  with  component  sizes  substantiated  by  numerical 
analyses. 


TABLE  2 

WEIGHTED  PRiTERIA  COORDINATED  WITH  AFAPL 


Maxim  urn 

Comparison  to 

Point 

Beat  Scheme 

Criteria 

Allotment 

Factor * Rating 

Vulnerable  Area  Reduction 

;w 

Maintainability 

25 

Reliability 

10 

Acquisition  Posts 

5 

Life  Cycle  Coats 

5 

Weight 

10 

Frontal  Area 

Manufacturing.  Assembly,  and 

8 

Development  Considerations 
System  Compromises 

3 

4 

V - llX) 

Rating  — The  best  system  in 

a given  criteria  received  maximum  point 

allotment  (weighting  factor)  assigned  to  that  criteria.  Other  schemes  received 
points  on  a comparative  basis  with  the  best  scheme. 

Rating  (Maximum  Point  Allotment)  X (Comparison  to  Best  Scheme 

Factor). 

• l'omi»arison  to  lvs|  scheme  factor 

1 0 for  best  scheme  ami  is  pmpnrf ioned  tt»  each  lower 

rntrtl  scheme  direct  Iv  depending  upon  it*  relationship  to  the  heal  scheme  For  example,  it  the 
he*t  scheme  weight  is  :U¥>  th.  while  ain't  her  scheme  has  a weight  t>f  dOO  ttv  its  com|tt«rtsoti  to 

Itesf  h«  heme  factor  is  MW  fMW  0 

d.  Methods  ot  Quantitative  Analyala  tor  Each  Rating  Criteria  — Phaaa  I 
(1)  VuInmnbHIty 

Vulnerability  was  quantified  by  comparing  vulnerable  areas.  The  procedures  followed  and 
the  assumptions  used  for  this  analysis  were: 

(a)  Six  views  were  used  that  were  considered  vulnerable  as  a projectile  target. 

They  were  the  front,  rear.  top.  bottom,  and  left  and  right  sides. 
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(b)  Each  scheme  was  separated  into  various  components,  and  vulnerable  area 
(VA)  was  calculated  for  each  component  in  each  view.  Only  those 
components  in  the  oil  system  that  changed  in  size  and/or  location  were 
included  in  the  analysis: 

• No.  1,  2-3,  4,  and  5 Hearing  Compartments 

• Oil  Tank 

• Oil  Pumps  (Boost  and  Scavenge) 

• Oil  Filter 

• F uel/Oil  Coolers 

• Air/Oil  Coolers 

• Main  Gearbox 

• Plumbing  (Oil  System  Only) 

(c)  The  vulnerable  area  was  determined  by  multiplying  the  component 
projected  area  by  its  kill  probability.  The  kill  probability  is  the  probability 
that  the  engine  will  fail  to  deliver  flight  sustaining  power  if  the  component 
is  hit  The  kill  probabilities  are  experience  factors  based  on  test  data  from 
previous  engines. 

(d!  The  vulnerable  areas  were  calculated  for  A kills  (loss  of  flight  sustaining 
power  in  5 min)  and  B kills  (loss  within  30  min)  for  30  and  50-caliber  armor 
piercing  projectiles  traveling  at  1500  and  2500  ft/sec. 

(e)  An  "A"  kill  is  defined  as  a hit  to  the  fuel  system  or  to  the  main  fuel  pump 
drive  train  resulting  in  a loss  of  gas  generator  fuel  flow.  Also,  a critical  hit  to 
a main  rotor  bearing  results  in  a loss  of  rotor  support  and  then  loss  of  power 
within  5 minutes. 

A "B"  kill  is  defined  as  a hit  to  the  oil  system  resulting  in  a loss  of  oil 
pressure  to  the  main  bearings  and  sulisequent  rotor  seizure.  Table  3 shows 
the  various  components  with  failure  modes  and  minimum  size  and  speed  of 
projectiles  necessary  to  cause  the  respective  kills. 

if)  The  projected  area  for  oil  system  plumbing  was  established  from  a previous 
engine  fluids  study  performed  for  the  FlOO-pW-lOO  engine.  The  various 
schemes  were  calculated  as  some  percentage  of  the  baseline  projected  area 
for  each  of  the  six  view-s.  The  vulnerable  area  was  then  computed  using  these 
estimated  projected  areas  for  each  scheme. 

(g)  The  vulnerable  area  of  the  scheme  for  any  view  is  the  sum  of  the  component 
vulnerable  areas  in  that  view  for  each  type  kill,  speed,  and  size  projectile. 
The  vulnerable  areas  for  each  scheme  were  tabulated  in  terms  of  a difference 
from  the  baseline  in  square  inches.  The  lowest  numbers  showed  the  scheme 
that  was  least  vulnerable  in  each  view  for  each  category. 
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TABLE  3 

COMPONENT  MALFUNCTION  MOOES 


k 


fhrt 

Malfunction  Mode 

Kill 

Minimum  Required  to 

Cause  Kill 

Size,  Speed, 

Cal  ft/sec 

Mam  Rotor  Hearing 

Bearings  shatter  when  hit,  result- 
ing in  loas  of  rotor  support 

A 

30 

60 

2000 

1000 

Towershaft  and  Other  Drive 
Shafts  for  MFP 

Hit  on  referenced  parts  results  in 
loss  of  main  fuel  pump  power 
supply,  causing  loss  of  engine  fuel 
supply 

A 

50 

2000 

Bullgear  in  2-3  Bearing 
Compartment 

Hit  on  referenced  part  results  in 
loss  of  main  fuel  pump  power 
supply,  causing  loss  of  engine  fuel 
supply 

A 

50 

2000 

Bevel  Gear  in  2-3  Bearing 
Compartment  and  Gears  in 
Main  Gearbox 

Hit  on  referenced  parts  results  in 
loss  of  main  fuel  pump  power 
supply,  causing  loss  of  engine  fuel 
supply 

A 

50 

1000 

Bearings  for  MFP  Drive 

Hit  on  referenced  parts  results  in 

A 

30 

1500 

Shafts 

loss  of  main  fuel  pump  power 
supply,  causing  loss  of  engine  fuel 
supply 

50 

1000 

Fuel/Oil  Coolers 

Hit  results  in  loss  of  Gas  Generator 
fuel  flow 

A 

30 

500 

Oil  Tanks,  Filter.  Air/Oil 
Coolers.  Oil  Plumbing 

Hit  causes  loos  of  oil,  resulting  in 
seizure  of  rotors 

B 

30 

500 

Oil  Pumps,  Main  Gearbox, 
Bearing  Compartments 

Hit  causes  hiss  of  oil,  resulting  in 
seizure  of  rotors. 

B 

30 

1000 

(h)  The  six  different  views  were  weighted  to  establish  a criteria  tor  comparing 
the  vulnerable  area  in  each  view  as  follows: 

Views 

Front 
Rear 
Top 
Bottom 
I^ft  Side 
Right  Side 

The  bottom  was  considered  most  vulnerable  due  to  the  likelihood  of  heavy 
ground  fire.  Likewise,  the  front  view  was  least  vulnerable  due  to  the 
relatively  small  chance  of  head-on  fire  from  enemy  aircraft. 
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H ! hi  \ and  M kills  lor  ballistic  s|ieed  and  projectile  si/e  wore  then 
individual^  averaged  and  weighted  lor  each  view  l’hr  views  ware  then 
added  together  lor  each  ache  me  whereby  a best  scheme  was  determined  lor 
each  t\|>v  kill  \cMiinmn  the  hil  probability  ol  each  kill  to  lie  equal.  the  two 
ktll>  were  then  averaged  together  to  determine  the  scheme  that  wa»  least 
\ itinera  hie  o\  era  I!  1 hts  scheme  obtained  a comparison  to  best  scheme  factor 
ol  1 0 and  the  lull  do  (Mint  vulnerabihtv  allotment  Less  effective  schemes 
received  a percentage  ol  this  rating  based  on  their  relative  vulnerable  areas 

(2)  Maintainability 

I he  basis  lor  the  measurement  ol  maintainability  is  maintenance  man  hours  |>er  engine 
lltght  hour  (MMH  KFH > Maintenance  man  hours  are  estimated  task  times  required  to  remove 
and  replace  all  components  within  the  engine  Kstmiates  were  made  using  the  "Standards  lor 
Maintenance  Lime  Kstmiates  for  I’art  Replacement"  or  In  actual  measurement  of  specific  tasks 
performed  during  engine  assemblv  or  disassemble  The  maintenance  task  time  for  each 
component  was  multiplied  by  its  parts  failure  and  discrepancy  rate  to  determine  its  MMH  KFH 
I he  parts  failure  and  discrepancy  rates  were  obtained  from  our  reliability  prediction  model. 

For  this  studx.  task  tunes  are  expressed  as  a difference  in  MMH  from  the  baseline  for  each 
component  or  module  that  requires  some  change  in  maintainability.  This  means  that  to 
remove  replace  a pump  located  with  lhe  No  'J  d compartment,  for  example,  there  is  a much 
greater  MMH  number  than  baseline  liecause  the  inlet  fan  module  must  be  removed  to  enter  the 
No  J t (tearing  compartment  and  gam  access  to  the  pumps  Likewise,  there  is  a different  parts 
disc repanev  rate  from  baseline  lor  some  coni|H>nents  la-cause  of  their  location  and  environment 

Since  the  AMMH  KFH  for  all  schemes  were  small  in  comparison  to  the  absolute  total 
engine  values,  if  was  decided  to  deviate  from  the  previously  stated  method  of  calculating  the 
comparison  to  best  scheme  factor  as  a ratio  of  absolute  values  This  method  would  not  give  a large 
spread  in  maintainability  rating  points  and  adequately  distinguish  the  advantages  of  one  scheme 
over  another  The  method  used  for  this  analysis  was  to  determine  the  ratio  of  the  range  of 
AMMH  KFH  v allies  minus  the  aMMH  KFH  value  for  the  given  scheme,  div  ided  by  the  range  of 
AMMH  KFH  This  factor  times  the  maximum  point  allotment  provided  the  scheme  rating 

(3)  Reliability 

The  basis  for  the  measurement  of  reliability  used  iti  this  study  was  part  failures  and 
discrepancies,  expressed  as  discrepancy  rates  The  discrepancy  rates  were  obtained  from  the 
reliability  prediction  mathematical  model  and  reflect  the  number  of  discrepancies  expected  to 
occur  after  the  engine  has  reached  maturity  An  engine  design  is  considered  mature  after  it  has 
accumulated  approximately  one  million  engine  flight  hours 

To  determine  the  overall  reliability  rate  for  each  scheme,  a discrepancy  rate  for  each  major 
component  was  predicted  and  the  rates  summed  to  obtain  the  total  discre|vtncy  rate  for  that 
scheme 

As  with  the  maintainability  atialvsis,  it  was  necessary  to  modify  the  procedure  for 
calculating  the  comparison  to  best  scheme  factor  to  adequately  distinguish  the  advantages  of  one 
scheme  over  another  The  met  hod  used  was  to  determine  the  ratio  of  the  difference  between  the 
worst  scheme  .^reliability  values  and  the  given  scheme  ^reliability  values  divided  by  the  absolute 
difference  in  the  worst  and  best  scheme  ^reliability  values.  This  factor  times  the  maximum  point 
allotment  provided  the  scheme  rating 
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(4)  Acquisition  Cost* 


Cost  estimates  for  this  annlvsis  were  made  using  methods  in  general  use  by  P&WA  for  many 
vears.  based  on  a standard  cost  accounting  system  Extensive  cross  reference  files  of  vendor  and 
in-house  manufacturing  information  are  maintained  for  detailed  component  analysis.  This 
comprehensive  estimating  data  base  facilitates  accurate  cost  forecasting.  The  scheme  with  the 
lowest  acquisition  cost  was  assigned  a comparison  to  best  scheme  factor  of  one.  All  other  schemes 
were  rated  against  the  best  scheme  proportional  to  their  total  lubrication  system  cost 

(5)  Life  Cycle  Costs 

A life  cycle  cost  comparison  was  made  of  the  five  schemes  being  evaluated,  based  on  an  air 
superioritv  tighter  application  having  15-vear  life  cycle.  1'his  study  considered  the  differences  in 
acquisition,  operating,  and  support  costs  for  1000  engines  during  peacetime  operations.  Savings 
due  to  lower  combat  attrition  rates,  resulting  from  decreased  engine  vulnerability,  were  not 
included  in  this  comparison  since  the  vulnerability  criterion  received  a separate,  heavily 
weighted  point  allotment  in  the  weighted  criteria  rating  system. 

(■round  rules  and  assumptions  used  in  the  life  cycle  cost  comparison  of  the  six  candidate 

schemes  were: 

• 1000  total  engines,  including  15  percent  uninstalled  spares 

• 75  percent  of  the  installed  engines  operational,  flying  25  hr  per  month  for 
15  years 

• Base  labor  rate  = $16.25  per  maintenance  man-hour  (MMH);  depot  labor 
rate  $23.24  per  MMH. 

Acquisition  costs  included  only  those  associated  with  changes  in  engine  configuration,  since 
detailed  airframe  installation  differences  were  not  defined  during  this  study.  Since  the 
compartmental  luhrication  system  would  he  incorporated  as  part  of  a completely  new  engine, 
development  cost  differences  between  the  schemes  were  assumed  to  be  negligible  and  were 
excluded  from  the  comparison.  Operating  and  support  cost  differences  fall  into  the  following 
categories: 

• Maintenance  Labor  — Based  on  changes  from  the  baseline  engine  in 
maintenance  tasks  times  and  frequencies 

• Recurring  Spare  Farts  — Based  on  differences  in  production  cost,  usage,  and 
repairabilitv 

• Fuel  and  Oil  Costs  — Considered  the  same  for  this  study,  since  all  schemes 
have  the  same  inherent  fuel  and  oil  consumption  as  the  baseline  engine. 

(6J  Weight 

The  weight  analysis  for  this  study  was  conducted  by  comparing  each  configuration  to  the 
F100-PW-100  Bill-of-Material  components.  K.ach  configuration  was  weighed  from  layout 
drawings,  where  thickness  and  material  assumptions  were  made  lor  most  components.  Items  that 
were  similar  to  existing  hardware  were  estimated  by  weighing  the  discrete  differences  and 
applying  the  resultant  delta  to  the  overall  difference  of  the  configurations.  Hardware  for  each 
configuration  was  then  grouped  by  function  to  isolate  areas  of  significant  weight  difference  and 
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to  provide  a method  of  ration  each  scheme  to  each  other  and  to  the  Hill-of-Material  design.  The 
scheme  with  the  lowest  weight  was  then  assigned  a comparison  to  best  scheme  factor  of  one  and 
all  other  schemes  were  rated  against  the  hest  scheme. 


(7)  Frontal  Arma 

A frontal  area  comparison  was  made  by  calculating  the  projected  frontal  area  of  the  entire 
engine,  including  the  core  and  all  accessories  for  each  of  t he  six  schemes  and  the  baseline  engine 
l'he  augmentor  nozzle  was  not  included  as  part  of  the  projected  frontal  area,  since  a Int  on  this 
component  would  not  result  in  a loss  of  engine  fluids  or  a malfunction  of  the  rotating  machinery. 
The  scheme  with  the  minimum  frontal  area  was  then  assigned  a comparison  to  best  scheme  factor 
of  one. 

(8)  Manufacturing,  Assembly,  and  Development  Considerations 

This  comparison  was  made  by  first  listing  the  manufacturing,  assembly,  and  development 
difficulties  that  must  be  considered  for  each  scheme  Kxamples  of  these  difficulties  are  if  a 
component  is  difficult  to  assemble,  requires  stringent  tolerances,  or  will  require  extensive 
development.  Kadi  scheme  was  compared  with  the  baseline  scheme  for  determining  the 
magnitude  of  the  problem.  However,  where  the  baseline  scheme  was  more  complicated  than  any 
of  the  other  schemes,  it  was  rated  accordingly.  Kacli  of  the  manufacturing,  assembly,  and 
development  diffii  ulties  was  rated  from  1 to  to.  based  on  the  severity  of  the  problem,  with  the 
most  severe  problem  getting  a rating  of  10.  The  points  for  each  scheme  were  then  totaled,  and 
the  scheme  with  the  minimum  absolute  value  of  |>oints  was  assigned  a comparison  to  best  scheme 
factor  of  one.  Any  other  scheme  received  a fractional  value  for  this  factor,  obtained  by  dividing 
the  absolute  value  of  points  for  the  best  scheme  by  the  absolute  value  of  points  for  that  scheme. 

(9)  System  Compromises 

This  comparison  was  made  by  first  listing  the  modifications  and  compromises  made  to 
incorporate  each  scheme,  i.e.,  relocate  bearing  support,  which  will  reduce  critical  speed  margin, 
increase  number  of  service  |>orts,  decrease  the  accessibility  of  components,  etc.  The  severity  of 
each  compromise  was  then  rated  from  1 to  10.  with  the  most  severe  compromise  receiving  a 
rating  of  10.  The  points  for  each  scheme  were  then  totaled,  and  the  scheme  with  the  minimum 
absolute  value  of  points  was  assigned  a comparison  to  best  scheme  factor  of  one.  All  other 
schemes  received  a fractional  value  for  this  factor  based  on  a numerical  ratio  of  the  absolute  value 
of  totnl  points  compared  to  the  best  scheme. 

2.  Compartmental  Lubrication  Syatam  Schama  Definition 

A definition  of  the  various  lubrication  schemes  evaluated  during  Phase  1 studies  is  presented 
in  this  section  in  three  parts.  The  first,  component  arrangement,  describes  the  location  of  the 
lubrication  system  components.  Part  two,  system  flowpath,  traces  the  lubrication  oil  around  its 
entire  flow  circuit  from  oil  tank  to  compartment  and  back.  A discussion  of  the  various  analytical 
and  mechanical  design  considerations  pertinent  to  each  lubrication  scheme  is  presented  in  the 
third  part.  This  includes  assumptions  used  to  facilitate  analysis  and  technical  approach  to 
problem  solving. 

A summary  of  lubrication  system  components  size  for  each  of  the  advanced  schemes  is 
presented  in  Appendix  A. 
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a.  Candidate  Schama  I 


(1)  Component  Arrangement 

This  lubrication  system  concept  used  the  No,  2 II  bearing  compartment  to  house  a inaioriH 
of  the  lubrication  system  components,  as  shown  in  Figure  1.  The  main  oil  supply  pump.  No.  2-ft 
and  4 scavenge  oil  pumps,  oil  tank,  can  deaerator,  oil  filter,  and  breather  system  are  all  located 
within  the  No.  2 d compartment  to  reduce  vulnerability.  The  alternator  is  located  in  the  No.  1 
hearing  compartment  and  is  driven  directly  off  the  low  rotor.  The  No.  1 scavenge  pump,  mounted 
adjacent  to  the  alternator,  is  driven  by  a gear-driven  train  integral  with  the  alternator  shaft  drive 
The  No.  5 scavenge  pump  is  located  in  the  No.  ft  compartment  and  gear  driven  oft  t lie  low  rotor. 

The  gearbox  is  mounted  on  top  of  the  engine  and  coupled  with  a towershaft.  which  is  run 
through  an  adjacent  support  strut  in  the  No.  2-ft  compartment . The  deoiler  and  breather 
pressurizing  valve  are  gearlrox  mounted. 

The  air/oil  coolers  are  located  in  the  fan  duct  consistent  with  the  baseline  (F100-PW- 100) 
system.  The  fuel/oil  coolers  (FlOO-PW-lOO  baseline)  and  all  the  external  lines  are  located  on  top 
of  the  engii  e.  All  of  the  scavenge  return  lines  incorporated  chip  detectors. 

A dipstick  is  used  for  determining  oil  level  in  the  oil  tank  during  servicing. 

(2)  System  Flowpath 

Oil  is  supplied  from  the  oil  tank  to  the  main  oil  pump,  then  passes  through  an  oil  filter 
before  entering  the  cooling  system  outside  the  compartment.  The  main  oil  pump,  oil  filter,  and 
oil  coolers  are  protected  from  cold  starts  (and  a plugged  filter)  by  bypass  circuits  activated  by 
pressure  relief  valves.  The  oil  (low  is  then  split  into  separate  paths  for  the  No.  1,  2 -ft,  -I  and  ft 
bearing  compartments  and  gearbox.  A boost  oil  pump  is  not  required  because  the  No.  -4 
compartment  utilizes  a breather  line  for  removing  the  air  leakages,  thus  preventing  significant 
compartment  pressure  levels. 

The  No.  1 and  ft  compartments  are  capped  and  use  scavenge  pumps,  located  inside  their 
res|>ective  compartments,  to  transfer  the  compartmental  air  leakages  and  oil  (low  back  to  the  can 
deaerator,  located  in  the  oil  tank.  The  No.  4 compartment  air  leakages  are  breathed  directly  back 
to  the  gearbox,  while  the  oil  is  scavenged  hack  to  the  can  deaerator  by  a scavenge  pump,  located 
adjacent  to  the  oil  tank.  The  oil  in  the  gearbox  is  gravity-drained  down  the  towershaft  strut, 
where  it  is  picked  up  along  with  No.  2-ft  compartmental  oil  by  a scavenge  pump  feeding  from  the 
oil  sump  on  the  bottom  side  of  the  oil  tank.  The  air.  separated  from  the  oil  in  the  oil  tank,  is 
breathed  back  to  the  gearbox  through  the  breather  line,  where  it  combines  with  the  No.  4 
compartment  air  leakage  prior  to  venting  overboard  through  the  deoiler  and  breather 
pressurization  valve. 

(3)  Design  Considerations 

The  intent  of  this  lubrication  system  configuiation  is  to  provide  reduced  vulnerability  by 
using  *he  individual  bearing  compartments  to  house  critical  lubrication  system  components. 

To  achieve  this  objective,  it  was  necessary  to  reduce  the  size  of  the  lubrication  pump.  This 
permitted  the  placement  of  the  No.  1 and  ft  scavenge  pumps  into  their  respective  compartments. 
Mounting  and  driving  the  remaining  pump  elements  within  the  No.  2-ft  compartment  required 
the  redesign  of  the  No.  2-ft  bearing  support  to  facilitate  the  pumps  and  provide  maximum  oil  tank 
capacity.  The  lubrication  pump  size  was  reduced  by  the  following  procedure: 
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• Pump  elements  were  scaled  from  an  ST9  high-speed  gear  pump,  which  has  a 
designed  speed  of  10,000  rpm.  (Baseline  F100-PW-100  lubrication  design 
speed  is  4000  rpm.) 

• The  boost  pump  element  was  eliminated,  and  the  No.  4 scavenge  element  size 
was  reduced  by  using  a breather  line  for  the  No.  4 bearing  compartment  for 
venting  air  leakages  to  the  gearbox. 

This  permitted  the  oil  supply  and  No.  2-3  and  4 scavenge  pumps  in  the  No.  2-3  bearing 
compartment,  along  with  an  oil  tank  of  1.82-gal  maximum  capacity.  The  oil  tank  capacity  was 
considered  insufficient  to  provide  adequate  make-up  oil  for  mission  requirements,  and  to  prevent 
low  and  fluctuating  oil  pressures.  A supplemental  oil  tank,  externally  mounted,  would  have  been 
evaluated  if  this  scheme  had  been  selected  for  further  studies. 

Vulnerability  was  further  reduced  by  locating  the  alternator  in  the  No.  1 compartment, 
similar  to  the  arrangement  previously  demonstrated  successfully  under  Contract  N00140-73- 
C-0126,  which  used  the  forward  compartment  of  the  J52  engine.  Locating  the  alternator  in  the 
No.  1 compartment  and  driving  it  directly  off  the  low  rotor  provides  the  following  benefits: 

• Vulnerability  is  reduced,  since  the  bearing  compartment  walls  shielded  the 
alternator. 

• Driving  directly  off  the  low  rotor  eliminated  a gear  set  in  the  gearbox. 

• A mainshaft  seal  was  added,  canceling  the  seal  eliminated  in  the  gearbox; 
however,  the  mainshaft  application  provided  better  accessibility  for  cooling 
provisions. 

• The  alternator  used  to  drive  the  No.  1 scavenge  pump  provided  a convenient 
arrangement. 

This  alternator  location/drive  configuration  provided  the  following  areas  of  concern: 

• Low-rotor  drive  during  engine  start  may  not  provide  sufficient  electric  output 
to  meet  control  system  requirements. 

• Mounting  the  alternator  on  the  low  rotor  impacts  the  rotor  dynamics,  which 
adversely  influence  critical  speed  margin. 

Locating  the  No.  5 scavenge  pump  in  the  No.  5 bearing  compartment  required 
rearrangement  of  the  baseline  design.  The  No.  5 bearing  was  moved  aft  of  the  baseline  position 
to  provide  for  a drive  gear  off  the  low-rotor  shaft  to  drive  the  scavenge  pump.  The  increased  rotor 
length  resulted  in  an  estimated  5 percent  reduction  in  shaft  critical  speed  margin. 

b.  Candidate  Schama  II 
( 1 ) Component  Arrangement 

This  lubrication  system  scheme,  in  similar  fashion  to  Scheme  I attempts  to  reduce 
vulnerability  by  using  the  No.  2-3  bearing  compartment  to  locate  major  lubrication  components, 
as  illustrated  in  Figure  2.  The  main  oil  supply  pump,  No.  2-3  scavenge  oil  pump,  oil  tank,  can 
deaerator,  oil  filter,  and  breather  system  were  located  within  the  No.  2-3  compartment.  The 
alternator  is  located  in  the  No.  1 bearing  compartment  and  driven  directly  off  the  low  rotor. 
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'.al  Lubrication  System  — Scheme  II 


The  gearbox  is  mounted  on  top  of  the  engine  and  driven  by  a towershaft  running  through  a 
vertical  support  strut  in  the  No.  2-3  compartment.  The  deoiler  and  breather  pressurizing  valve 
are  gearbox  mounted. 

Blowdown  plumbing  lines  for  scavenging  the  No.  1,  4,  and  5 compartments  are  located  on 
top  of  the  engine  and  incorporate  chip  detectors. 

A finned  wall  air/oil  cooler  is  located  in  the  inner  duct  fairing,  and  plate-fin  fuel/oil  coolers 
are  located  in  the  fan  duct  wall. 

A dipstick  is  used  for  determining  oil  level  in  the  oil  tank  during  servicing. 

(2)  System  Flowpath 

Oil  is  supplied  from  the  oil  tank  to  the  main  oil  pump,  then  passed  through  an  oil  filter 
before  entering  the  cooling  system  outside  the  compartment.  The  main  oil  pump,  oil  filter,  and 
oil  coolers  are  protected  from  cold  oil  starts  (and  a plugged  filter)  by  bypass  circuits,  activated  by 
pressure  relief  valves.  Upon  exiting  the  fuel/oil  coolers,  the  oil  flow  is  split  into  separate  paths  to 
the  gearbox  and  No.  1,  2-3,  4,  and  5 bearing  compartments.  Gearbox  oil  is  gravity-drained  down 
the  towershaft  support  strut  to  the  No.  2-3  compartment  sump.  A scavenge  pump  transfers 
gearbox  and  No.  2-3  compartment  oil  from  the  sump  to  the  can  deaerator.  External  blowdown 
lines  provide  scavenging  for  the  No.  1,  4,  and  5 bearing  compartments.  The  blowdown  plumbing 
lines  are  sized  to  maintain  low  compartment  pressure  levels,  eliminating  the  requirement  for  a 
boost  oil  pump. 

The  air  separated  from  the  oil  by  the  deaerator  in  the  oil  tank  is  breathed  back  to  the 
gearbox  through  the  breather  line.  Prior  to  venting  overboard  through  the  breather  pressurizing 
valve,  the  breather  flow  passes  through  the  deoiler,  which  removes  the  remaining  oil  vapor  from 
the  air. 

(3)  Design  Considerations 

This  scheme  attempted  to  further  the  vulnerability  goals  discussed  in  Scheme  I by 
eliminating  the  No.  1,  4,  and  5 scavenge  pumps.  Bearing  compartment  scavenging  is  achieved 
through  the  use  of  blowdown  lines.  The  maximum  oil  tank  capacity  of  this  scheme  is  increased 
40  percent  over  Scheme  I (to  2.5  gal),  primarily  by  using  the  bearing  support  structure  and 
intermediate  case  to  configure  the  oil  tank.  Unlike  the  oil  tank  configuration  of  Scheme  I,  which 
used  a separate  sheet  metal  enclosure,  this  tank  design  did  not  completely  seal  the  oil  cavity  from 
the  No.  2-3  bearing  compartment.  At  specific  engine  attitudes,  the  tank  oil  could  enter  and  flood 
the  bearing  compartment.  This  tank  design  approach  was  considered  an  improvement  over 
Scheme  I which  was  too  small  to  meet  performance  requirements.  Even  by  eliminating  the 
No.  4 scavenge  pump  and  using  the  compartment  boundaries  for  tank  walls,  the  2.5-gal  capacity 
was  still  marginal  in  meeting  performance. 

The  blowdown  line  sizes  (1.0  in.  OD)  are  sufficiently  large  to  ensure  low  compartment 
pressures  and  prevent  possible  compartment  oil  loss  during  engine  deceleration.  Mainshaft 
carbon  face  seals  (baseline)  are  eliminated  in  the  No.  1,  4,  and  5 compartments  and  replaced  with 
labyrinth  seals.  This  is  to  provide  the  air  leakage  required  to  adequately  scavenge  the 
compartments  of  oil. 
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Acccaa  to  the  oil  Alter  was  through  an  access  plate  in  the  OD  of  the  intermediate  case  as 
shown  in  Figure  3.  Upon  removal  of  the  coverplate  and  filter  housing  fasteners,  a threaded  tool 
is  attached  to  the  threaded  boss  on  top  of  the  filter  housing.  This  provides  for  removing  the  filter 
assembly.  Once  outside  the  engine,  the  filter  element  can  be  easily  removed  from  the  filter 
housing  for  cleaning  or  replacement.  The  filter  assembly  can  be  reinstalled  within  the  engine  in 
a reverse  manner  to  that  previously  described. 


Figure  3.  Access  to  Internal  Filter  Through 
Coverplates 


e.  Candidate  Schama  III 


(1)  Component  Arrangement 

This  scheme  utilized  individual,  self-contained  lubrication  systems  for  each  bearing 
compartment  as  shown  in  Figure  4.  Rach  bearing  compartment  contains  an  oil  sump,  supply 
pump,  evaporator,  heat  pipe,  deoiler,  oil  filter,  and  breather  line.  Oil  bypass  fiowpaths  are 
provided  around  the  pumps,  filters,  and  evaporators  to  account  for  cold  oil  starts  and  plugged 
filters.  No  external  oil  plumbing  lines  are  required  since  the  oil  never  leaves  any  of  the  bearing 
compartments. 

Rach  supply  pump  was  provided  an  individual  bypass  valve  for  cold  oil  starts  and  an 
integral  filter  and  chip  detector  which  were  accessible  through  coverplates  or  probe  holes  in  the 
outer  cases. 
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Figure  4.  Compartmental  Lubrication  System  — Scheme  III 
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The  heat  pipes  were  extended  outside  the  respective  hearing  compartments  and  were 
structurally  integral  with  the  fuel  and  air  coolers  on  top  of  the  engine.  Multiple  heat  pipes  could 
have  been  used  for  each  compartment  to  reduce  vulnerability  and  improve  survivability,  but  this 
would  have  greatly  complicated  the  system. 

The  gearbox  is  mounted  on  top  of  the  engine  and  driven  by  a towershaft  running  off  the  high 
rotor  through  a support  strut  in  the  No.  2-3  bearing  compartment.  The  individual  breather  lines 
are  joined  together  for  overboard  venting  through  the  gearbox-mounted  breather  pressurizing 
valve. 

Individual  dipsticks  are  used  in  each  bearing  compartment  to  determine  oil  level  during 
servicing. 

(2)  System  Flowpath 

Oil  is  supplied  to  each  oil  pump  from  the  compartment  oil  sump  and  passed  through  an  oil 
filter  and  then  through  the  heat  pipe  boiler  prior  to  supplying  the  compartment  requirements. 
The  gearbox  oil  is  gravity  drained  down  the  towershaft  strut  to  the  No.  2-3  compartment.  This 
flowpath  is  identical  in  each  compartment.  Each  compartment  uses  a deoiler,  located  at  its 
breather  pipe  inlet,  for  separating  oil  from  the  air  and  venting  compartmental  air  leakages.  All  of 
the  compartment  breather  lines  are  combined  externally  to  a single  line  which  routes  the  air 
leakage  overboard  through  the  breather  pressurizing  vnlve  mounted  on  the  gearbox.  The  heat  in 
the  oil  is  transferred  to  an  intermediate  media  (water)  in  the  heat  pipe.  Air  and  fuel  condensers 
mounted  on  top  of  the  engine  are  integral  with  the  heat  pipes  and  transfer  the  heat  of  water 
condensation  to  the  fuel  and  air  in  these  external  coolers. 

(3)  Design  Considerations 

Reduced  vulnerability  is  achieved  in  this  scheme  by  using  individual,  self-contained 
lubrication  systems  within  each  bearing  compartment.  This  eliminates  all  external  oil  supply  and 
scavenge  lines  and  locates  all  critical  lubrication  system  components,  such  as  pumps,  oil  sumps, 
filters,  deoilers,  and  oil  cooling  devices  within  the  confines  of  each  bearing  compartment.  The 
alternator  is  located  within  the  No.  1 comi  artment  similar  to  the  preceding  schemes.  No 
scavenge  pumps  were  required;  oil  is  gravity  drained  to  a sump  on  the  bottom  of  each 
compartment  which  supplies  the  compartment  supply  pump.  Each  compartment  has  its  own 
deoiler  and  breather  line.  The  key  to  a self-contained  oil  system  is  the  cooling  technique.  The  oil 
is  pumped  through  a filter  to  a heat  pipe  boiler  or  evaporator  which  resembles  a tube  shell  heat 
exchanger.  The  oil  circulates  across  tube  bundles  transferring  heat  into  the  intermediate  media 
in  the  tube  or  heat  pipe.  This  heating  process  causes  the  intermediate  media  to  boil  resulting  in 
the  vapor  traveling  from  the  evaporator  to  ram  air  and  fuel  coolers  located  outside  the  bearing 
compartments  on  top  of  the  engine.  These  external  coolers  condense  the  vapor  from  the  heat 
pipes,  with  the  resulting  liquid  returned  to  the  evaporator  by  capillary  wicks,  which  lined  the  heat 
pipe.  This  continuous  process  releases  a steady  flow  of  heat  which  is  transferred  from  the  oil  to 
the  external  condensers  through  the  intermediate  media  in  the  heat  pipe.  A typical  heat  pipe 
boiler  is  shown  schematically  in  Figure  5. 

A schematic  illustrating  a complete  evaporator  and  condenser  system  is  shown  in  Figure  6. 
The  actual  system  uses  three  condensing  elements:  a ram  air  cooler,  an  augmentor  fuel  cooler, 
and  a gas  generator  fuel  cooler.  Figure  7 depicts  a schematic  that  illustrates  the  entire  vapor/wick 
flowpath  through  all  the  condensing  elements  of  this  scheme. 
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Figure  6.  Eraporator  and  Condenser  System 
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The  selection  til'  the  intermediate  media  is  influenced  by  the  select ion  of  media  operating 
temperature.  The  intermediate  modiii  temperature  must  Im  selected  between  the  oil  temperature 
and  the  cooling  fuel  and  air  sink  temperatures  of  the  external  condensers  This  temperature 
selection  trades  off  small  evaporator  si/e  (low  media  temperature)  with  resultant  la  rue 
condensers  against  large  eva|s>rators  (high  media  temperature)  with  resulting  small  condensers. 
The  media  operating  temperature  selected  is  which  provides  the  best  compromise  on 

system  design  using  FIDO  I’W  100  baseline  lubrication  system  beat  generation  rates. 


Water  was  selected  as  the  intermediate  media  because  its  beat  transfer  characteristics  are 
compatible  with  the  selected  operating  temperature.  The  total  heat  pipe  beat  transfer  rate  is 
pro|Mirtional  to  I he  liipiid  transport  factor  (Nr)  of  the  intermediate  media  This  parameter  is 
defined  as: 

N r (/>  (<»h,„)//4  / 

Where 

/>  i l.itpiid  Density 

hi„  l.ateut  Heat  of  Vaporization 

a Kva|Niration  Coefficient 

a f l.iipud  Viscosity 
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[The  selection  criteria  of  the  intermediate  media  dictates  that  this  parameter  be  as  high  oh 
possible  for  system  optimization.  Figure  8 illustrates  the  liquid  transport  factor  of  various  heat 
transfer  media  as  a function  of  liquid  temperature.  The  water  media  selection  is  hosed  on  its  high 
liquid  transport  factor  which  peaks  at  the  selected  operating  temperature 

The  heat  pipes  were  sized  for  a maximum  Mach  number  of  0 It  for  the  water  vapor  traveling 
from  the  evaporator  to  the  condenser  The  wick  design  was  sized  to  provide  a return  velocity  of 
1 ft/sec  for  the  water  returning  to  the  evaporator  from  the  condenser 

The  engine  burner,  flowpath,  and  engine  casing  art*  moved  outward  to  provide  space  to 
incorporate  a gear  driven  pump,  filter,  deoiler,  and  evaporator  within  the  No.  I bearing 
compartment . 

Hooting  the  heat  pipes  out  of  the  No.  1 and  4 compartments  requires  an  increase  in  the  size 
of  the  baseline  engine  struts.  This  would  impact  the  engine  flowpath  slightly. 

The  alternator  is  located  in  the  No  1 bearing  compartment  and  is  driven  off  the  low  rotor 
Comments  made  under  design  considerations,  Scheme  I.  apply  equally  to  this  application 
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The  required  capacity  ot  each  individual  oil  tank  was  determined  by  maintaining  the  same 
oil  recirculation  rate  as  the  baseline  engine  oil  tank.  This  was  achieved  for  the  oil  tank  capacities 
of  the  No.  1,  4.  and  ft  hearing  compartments.  The  No.  2-3  compartment  oil  capacity  is 
approximately  one-half  of  this  requirement,  dictating  the  use  of  a self-contained  shell  structure 
to  baffle  the  oil  from  the  rotating  parts  or  an  external  oil  tank  mounted  outside  the  engine.  A 
summary  of  the  available  compartment  oil  storage  volumes,  their  recirculation  rates,  and  a 
comparison  to  the  baseline  engine  is  presented  below: 


Scheme 

Compartment 

Available  Oil 
Storage  Volume, 
Hal 

Time  to  Recirculate 
Stored  Oil. 

sec 

III 

1 

0.266 

8.9 

2-3 

0.816 

4.0 

4 

0.77 

8.7 

5 

0.23 

8.7 

Baseline 

3.1 

8.9 

•Kxtrrnal  nil  tank  supplies  all  the  compart  mental  requirements 


d.  Candidate  Schama  IV 

(1)  Component  Arrangement 

This  lubrication  system  scheme,  shown  in  Figure  9.  relocates  the  towershaft  into  the  No.  4 
bearing  compartment  to  provide  maximum  storage  volume  for  the  oil  tank  in  the  No.  2-3  hearing 
compartment.  The  No.  4 compartment  air  leakage  is  breathed  back  to  the  gearbox  through  the 
towershaft  strut.  This  eliminates  the  requirement  for  a boost  oil  pump.  The  alternator  is  located 
in  the  No.  1 bearing  compartment  and  is  driven  by  the  low  rotor.  With  the  exception  of  the  oil 
tank  and  alternator,  all  lubrication  system  components  are  located  on  top  of  the  engine.  The  oil 
filter,  can  deaerator,  deoiler,  fuel/oil,  and  air/oil  coolers  are  all  F100-PW-100  baseline 
components. 

A dipstick  is  used  to  determine  oil  level  in  the  oil  tank  during  servicing. 

(2)  System  Flowpath 

Oil  is  drawn  from  the  oil  tank  through  a suction  line  to  the  main  oil  pump  mounted  on  top 
of  the  engine.  The  oil  is  then  pumped  through  the  oil  filter  to  the  cooling  system  and  split  to  the 
gearbox  and  No.  1,  2-3,  4.  and  ft  bearing  compartments.  Oil  flowpaths  are  provided  around  the 
pump,  filter,  and  coolers  to  account  for  cold  oil  starts  and  a possible  plugged  oil  filter.  Scavenge 
pumps  transfer  the  compartmental  oil  and  air  leakages  hack  to  the  oil  tank  in  common  return 
lines  for  the  No.  1,  2-3,  and  ft  capped  compartments.  These  compartments  eliminated  the 
requirement  for  breather  pipes  by  venting  the  leakage  air  through  the  scavenge  pumps.  The 
No.  4 compartment  air  leakage  is  breathed  back  to  the  gearbox  through  the  towershaft  strut  while 
a scavenge  pump  is  used  for  oil  transfer  back  to  the  tank.  The  scavenge  return  is  routed  to  the  can 
deaerator,  within  the  oil  tank,  where  the  air  is  separated  from  the  oil.  A breather  line  is  used  to 
transfer  this  air  to  the  gearbox  where  it  combines  with  the  No.  4 air  leakage  and  is  vented 
overboard  after  passing  through  the  deoiler  and  breather  pressurizing  valve. 
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Lubrication  System  — Scheme  IV 


(3)  Design  Considerations 


Scheme  IV  is  consistent  with  I and  II  in  that  it  attempts  to  use  the  No.  2-3  bearing 
compartment  to  house  the  oil  tank  to  reduce  vulnerability.  Unlike  those  schemes,  however, 
maximum  space  utilization  is  achieved  in  the  No.  2-3  compartment  by  relocating  the  towershaft 
and  mounting  the  lubrication  pumps  on  the  gearbox.  The  oil  tank  is  configured  using  the  bearing 
support  structure  to  form  the  tank  boundaries.  This  results  in  an  available  oil  tank  capacity  of 
3.03  gal  which  is  sufficient  to  maintain  required  oil  pressure  and  prevent  fluctuations. 

The  towershaft  and  towershaft  drive  system  were  relocated  in  the  No.  4 bearing 
compartment.  This  required  moving  the  burner,  gas  path,  and  outer  engine  casing  outward 
resulting  in  increased  engine  weight. 

Relocating  the  towershaft  drive  into  the  No.  4 bearing  compartment  required  the  No.  3 
mainshaft  bearing  to  be  moved  along  with  it.  The  No.  3 mainshaft  bearing  was  a ball  thrust 
bearing  which  was  used  to  maintain  proper  clearances  between  the  spiral  bevel  gears  that  drive 
the  towershaft  system.  Incorporating  this  ball  bearing  adjacent  to  the  bull  gear  was  achieved  by 
simply  switching  the  locations  of  the  No.  3 and  4 mainshaft  bearings.  The  radial  gear  load  on  the 
high  rotor  is  no  longer  located  at  the  front  of  the  shaft  but  is  now  positioned  mid-span.  These 
modifications  would  have  some  minor  impact  on  shaft  critical  speed  characteristics. 

Vulnerability  is  reduced  by  eliminating  the  boost  pump.  This  is  achieved  by  breathing  the 
No.  4 bearing  compartment  back  to  the  gearbox  through  the  towershaft  strut.  The  No.  4 scavenge 
pump  size  is  reduced  because  it  no  longer  must  handle  all  compartment  air  leakage. 

The  alternator  is  located  in  the  No.  1 bearing  compartment.  Comments  made  in  Scheme  I 
apply  equally  here. 

•.  Candidate  Scheme  V 
(1)  Component  Arrangement 

This  lubrication  system  scheme  locates  the  oil  tank,  main  and  boost  oil  supply  pumps,  and 
all  compartment  scavenge  pumps  in  the  No.  2-3  bearing  compartment  to  reduce  vulnerability  as 
shown  in  Figure  10.  The  alternator  is  located  in  the  No.  1 bearing  compartment  and  is  driven 
directly  by  the  low  rotor. 

The  gearbox  is  mounted  on  top  of  the  engine  and  is  driven  by  a towershaft  off  the  high  rotor. 
The  towershaft  is  run  through  a support  strut  in  the  No.  2-3  bearing  compartment  and  drives  the 
vane  lubrication  pump  through  a gear  train.  A centrifugal  oil  filter/deoiler  is  mounted  on  the 
gearbox  and  used  to  filter  and  deaerate  the  oil.  A breather  pressurizing  valve  is  mounted  on  the 
gearbox  adjacent  to  the  filter/deoiler  to  vent  the  compartmental  air  leakages  overboard. 

Finned  wall  air/oil  coolers  are  located  in  the  inner  duct  fairing.  The  fuel/oil  coolers  are  plate- 
fin  located  in  the  fan  duct  wall.  Chip  detectors  are  located  in  the  scavenge  return  lines.  A dipstick 
is  used  for  determining  oil  level  in  the  oil  tank  during  servicing. 
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(2)  System  Flow  path 


Oil  is  supplied  from  the  oil  tank  to  the  main  oil  pump  where  it  is  delivered  to  the  air/oil  and 
fuel/oil  coolers  outside  the  No.  2-3  bearing  compartment.  Oil  bypass  flowpaths  are  provided 
around  the  pump,  filter,  and  coolers  to  account  for  cold  oil  starts  and  a possible  plugged  filter. 
The  oil  flow  is  then  split,  with  one  leg  supplying  the  gearbox  and  the  other  returned  back  to  the 
No.  2-3  bearing  compartment.  This  return  flow  is  split  again,  with  one  leg  satisfying  the  No.  2-3 
compartmental  requirements  and  the  remainder  supplying  the  boost  oil  pump.  From  the  boost 
pump,  the  oil  is  transferred  outside  the  No.  2-3  bearing  compartment  where  it  is  split  and 
delivered  to  the  No.  1,  4,  and  5 compartments. 

Scavenge  pumps,  located  in  the  No.  2-3  bearing  compartment,  return  the  oil  and  air  leakage 
from  the  capped  No.  1,  4,  and  5 compartments  to  the  centrifugal  oil  filter/deoiler  located  on  the 
top-mounted  gearbox.  One  of  these  scavenge  pumps  is  used  to  transfer  oil  within  the  No.  2-3 
compartment  sump  to  the  centrifugal  filter/deoiler.  This  oil  is  composed  of  the  gearbox  supply, 
which  gravity  drains  down  the  towershaft  strut,  as  well  as  the  No.  2-3  compartment  oil  supply. 
The  centrifugal  oil  filter/deoiler  filters  and  separates  oil  from  the  air.  The  air  is  vented  overboard 
through  the  breather  pressurizing  valve,  and  the  deaerated  oil  is  returned  back  to  the  oil  tank 
located  in  the  No.  2-3  bearing  compartment. 

(3)  Design  Considerations 

In  this  scheme  vulnerability  is  reduced  by  locating  the  main  and  boost  oil  pumps,  all 
scavenge  pumps,  and  oil  tank  in  the  No.  2-3  bearing  compartment.  The  major  mechanical 
difficulty  with  this  scheme  is  the  plumbing  requirements  and  the  available  space  through  the 
compartment  support  struts.  Vane  oil  pumps  are  used  to  minimize  their  space  requirements 
within  the  No.  2-3  bearing  compartment.  This  permits  the  largest  oil  tank  capacity  possible  from 
the  remaining  compartment  volume.  Mechanical  design  studies  indicate  1.82  gal  of  oil  storage  in 
this  tank  configuration.  This  is  considered  too  small  a tank  capacity  to  meet  makeup  oil 
requirements  and  prevent  oil  pressure  fluctuations  with  current  deaeration  techniques.  An 
approach  to  improving  the  lubrication  system  performance  with  a reduced  oil  tank  capacity  is  the 
utilization  of  a centrifugal  filter/deaerator.  Figure  11  is  a schematic  representation  of  this  device. 
Oil  is  routed  into  the  center  of  a hollow  rotating  sleeve  which  is  dead-ended.  Oil  is  caught  into  a 
centrifugal  field,  having  passed  through  radial  holes  in  the  sleeve.  Contaminants,  having  a higher 
density  than  oil,  are  centrifuged  radially  outward  and  collected  in  a sludge  trap  on  the  outer  flow 
surface  of  the  cannister.  Oil  collects  and  forms  a liquid  annulus  which  flows  axially  and  passes 
over  a dam  restriction  into  an  oil  collection  manifold  from  which  it  is  routed  to  the  oil  tank.  In 
the  centrifugal  field,  generated  by  the  rotating  sleeve,  the  entrained  air  is  forced  radially  inward 
because  of  its  low  density.  Radial  holes  in  the  rotating  sleeve  aft  of  the  plug  section  provide  an 
escape  route  for  the  separated  air  which  is  vented  overboard  through  a breather  pressurizing 
valve. 


The  design  considerations  that  influenced  the  centrifugal  filter/deaerator  sizing 
presented  below: 


analysis  are 


• Total  oil  flow  = 152  lb/min 

• Scavenge  oil  temperature  = 300°F 

• MIL-L-7808  oil 

• Filter  rotational  speed  = (1.073)  (high-rotor  speed) 
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• Contaminant  composition  per  TDM  — 2148 

Density  Carbon  87.3  tbm/ft* 

•Density  of  Sludge  = 127.3  lbm/ft* 

• Oil  properties 

Density  = 53.5  tbm/ff 
Viscosity  = 9.5  by  10  * Ib/ft-sec 

• Separator  bowl  (rotating  sleeve! 
is  of  steel  material 
(Poisson’s  ratio  > = 0.3) 


• Assumed  to  contain  90  percent  organic  particles  with  a density  similar  to  carbon.  10  percent  metal  P articles  with  a 
density  similar  to  steel 
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The  basic  geometry,  which  influences  the  micron  rating,  is  illustrated  in  Figure  12  and 
appears  in  the  following  sizing  equation: 

Ur.  = . .y,  ,,  - Constant 

rJirllMpp  - p)  (2  - (X/r,r  6* 

where 

Urt  = axial  length  of  separation  region  in  in. 

(U  fomeirlc  - (l.l)  U ff  ) 

p = oil  viscosity,  lb,  - sec/ft* 

Q = oil  flowrate,  gal/min 
SI  = angular  velocity  of  sleeve,  rad/sec 
p„  = contaminant  particle  density,  tbm/ft* 
p = oil  density,  lbm/ft' 
r,  = radius  of  oil  ring  OD,  in. 

X = oil  ring  radial  thickness,  in. 
b = contaminant  particle  diameter,  microns 
Constant  = 1151.65  X 1010 


FT)  «W4 1 


Figure  12.  Centrifugal  Filter  Deaerator 


The  lime  between  filter  cleanings  can  In*  determined  by  the  following  equation. 

(V  « Oil  ) l I I (C  one  ^ 

where 


T time  between  cleanings,  hr 

sludge  density,  127.it  Ib„,/ft3 

v,  filter  contamination  trap  volume,  ft*  * 
where  V,.,m  ■ (L,„)  (r?  - rj)  tr 

* concentration  of  contaminant  relative  to  oil 
ttb  of  contaminant  per  tb  of  oil) 

w, .„  oil  flowrate,  tb/hr 

A summary  of  the  centrifugal  filter/deaerator  predicted  performance  is  presented  below: 
Filter  Rating  7.3  micron  at  engine  idle  speed  (N„„vr  = 9871  rpm) 

Time  Between  ('leaning  100  hr 

A summary  of  the  selected  geometry  is  presented  below: 


Cannister  OD 

= ft. 6 

in. 

Cannister  ID 

= 4.87 

in. 

Rotating  sleeve  01) 

= 2.92 

in. 

Overall  cannister  length 

= 4. ft 

in. 

Combined  shell,  radial  hydraulic,  and  tangential  hydraulic  stresses  equal  16,07ft  psi.  well 
within  recommended  limits.  This  stress  occurs  at  intermediate  engine  speed  at  sea  level 
conditions. 

f.  Batellne  Schama 

(1)  Component  Arrangement 

The  baseline  system,  illustrated  in  Figure  13  mounts  all  lubrication  system  components 
externally  on  the  engine.  Oil  supply  and  scavenge  gear  pumps  are  gearbox  mounted.  The  oil  tank, 
containing  the  deaerator,  is  externally  mounted  above  the  oil  pump  interface.  Oil  filter  and 
fuel/oil  coolers  are  mounted  externally  while  the  air/oil  coolers  are  mounted  in  the  fan  duct.  The 
deoiler,  engine  alternator,  and  breather  pressurizing  valve  are  gearbox  mounted. 
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(2)  System  Flow  path 


Oil  in  supplied  from  the  oil  tank  by  a posit ivt>  displacement  main  gear  pump  and  passes 
through  an  oil  filter  before  entering  the  oil  cooling  system.  From  the  filter,  oil  passes  through 
air/oil  heat  exchangers,  then  through  fuel/oil  heat  exchangers  before  entering  the  engine.  A 
pressure  actuated  bypass  valve,  located  in  the  oil  filter  housing,  bypasses  oil  around  all  beat 
exchangers  during  cold  oil  start  conditions  to  prevent  excessive  heat  exchanger  pressure  drop.  A 
portion  of  this  oil  then  goes  to  the  No.  '2-3  compartment  and  gearbox.  A second  positive 
displacement  gear  pump,  located  downstream  of  the  heat  exchangers,  pumps  the  remaining 
portion  of  the  oil  to  the  No.  I,  4,  and  ft  bearing  compartments.  This  pressure  Insist  is  required 
because  of  the  potentially  higher  compartment  pressures  associated  with  the  scavenge  oil 
breather  system.  The  scavenge  system  for  these  compartments  does  not  use  separate  breather 
lines  for  venting  air  leakages.  Instead,  it  scavenges  both  the  air  and  oil  together  in  a single  line 
to  the  scavenge  pump.  Oil  flow  is  accurately  distributed  to  each  desired  location  within  the 
hearing  compartments  and  gearbox  by  metering  jets. 

Oil  is  returned  from  the  engine  compartments  by  gear  scavenge  pumps  externally  located  on 
the  gearbox  with  the  Insist  and  main  pumps.  A breather  valve,  located  in  the  gearbox,  regulates 
gearbox.  No.  2-3  bearing  compartment,  and  oil  tank  pressure  by  venting  breather  airflow  to 
ambient . 

3.  Quantitative  Evaluation  ot  Candidate  Lubrication  System  Schamas  Leading  to 
Phaaa  I System  Selection 

a.  Qanaral 

Fable  4 presents  the  results  of  the  quantitative  evaluation  of  the  five  compartinental 
lubrication  system  schemes  on  the  basis  of  vulnerability,  maintainability,  reliability,  acquisition 
costs,  life  cycle  costs,  weight,  frontal  area,  manufacturing,  assembly,  and  development 
considerations,  and  system  compromises.  The  point  weighting  of  the  criteria  (Table  2)  and  the 
method  of  analysis  wen*  presented  previously.  All  analyses  were  |>erfornied  on  a differential  basis, 
compared  with  the  baseline  FltX)-PW-l(K)  engine  Also,  where  prac  ical,  the  analyses  were 
performed  on  a component  basis  so  that  all  of  the  schemes  could  lie  revit  veil  to  ascertain  which 
components  from  other  schemes  could  la'  used  to  further  improve  the  winning  scheme.  A 
discussion  of  the  results  of  each  analysis  follows. 


TABLE  4 SUMMARY  RATING 
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b.  Vulnerability 


A comparison  of  t lit*  A vulnerable  area*  to  I ht*  baseline  engine  mid  supporting  number*  lor 
tin1  vulnerability  rating*  of  Table  4 are  presented  in  Appendix  It 

Tin'  presentation  of  the  vulnerable  area  calculation*  for  rm  li  lubrication  system  com|M>ncnt 
for  the  five  scheme*  is  tint  lengthy  for  this  re|iort  However,  a brief  summary  of  the  reason* 
governing  the  point  allotment  of  each  in  m*  follow*: 

1 Scheme  / "A"  kill*  ere  reduced  by  placing  fuel  oil  cooler*  on  top  ol  the 

engine.  A kill  vulnerability  within  the  bearing  compartment  a is  much  (lie 
name  a*  the  other  scheme*  (except  IV l 

"It"  kill*  are  reducer!  from  the  haaeline  by  placing  tbe  oil  tank,  puni|ia,  ami 
filter  in  the  No  2 II  bearing  compartment  and  |>oaitioning  the  gearliox  on  top 
of  the  engine 

2 Scheme  II  A kill*  are  increaaed  aignificantlv  due  to  the  much  larger 
projected  area  of  the  plate-fin  fuel/oil  cooler  which  wa*  promised 

"It"  kill*  are  greatly  increaaed  due  to  the  finned  wall  air  oil  cooler*  having  a 
larger  projected  area  The  Ian  duct*  do  not  provide  a aignificant  amount  oi 
protection  for  the*e  cooler* 

A*  a reanlt  of  tbe  blowdown  scavenge  ayatema,  tbe  protected  area*  ot  the  No 
I,  4,  and  5 bearing  compartment*  (top,  bottom,  ami  aide  view*  only!  are 
amaller,  which  provide  for  lower  vulnerability.  The  elimination  of  tbe  No  I, 

4,  and  ft  acavenge  pumps  alao  contribute*  to  tlu* 

It  Scheme  III  "A"  kill  vulnerability  i*  reduced  by  placing  tbe  t fuel t beat 
exchanger*  on  top  of  tbe  engine 

Tbe  beat  pipe  acherne  reaulted  in  all  of  tbe  oil  and  oil  ayateni  I'omponent* 
being  contained  in  individual  licaring  compartment*  Thia.  in  itaelf,  reduce* 
tbe  "H"  kill  probability  Alao,  it  ia  estimated  that  only  20  percent  of  the 
baaeline  external  plumbing  ia  retpiired,  which  provide*  for  conaiderablv  leas 
vulnerable  area  (A  hit  to  a beat  pipe  was  not  termed  critical  enough  to 
conatitute  a “H"  kill  ) 

4 Scheme  IV  Tbe  "A"  kill  vulnerability  i*  just  ahghtlv  lea*  than  baseline 
only  because  of  tbe  gearbox  being  on  top  of  the  engine 

"H"  kill*  are  higher  than  other  scheme*  because  of  the  external  oil  pump* 
and  filter,  although,  the  fuel/oil  cinder  on  top  of  the  engine  reduces  this 
somewhat 

ft  Scheme  l "A"  kill  vulnerability  ia  very  similar  to  Scheme  II  (with  plate 
fin  fuel/oil  cinder) 

Tbe  “It"  kill  vulnerability  is  increased  over  other  schemes  due  to  tbe  external 
oil  filter  which  requires  increasing  tbe  gearbox  sire  Again,  placing  tbe  oil 
tank  and  piini|>*  in  tbe  No  2 d bearing  compartment  greatly  reduces  tbe 
vulnerability  from  baseline 
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c.  Maintainability 

The  results  of  the  maintainability  analysis,  detailed  to  the  coni|M>nent  basis,  are  presented 
in  Appendix  C.  A summary  of  the  differential  systems  maintenance  man-hours  per  million  engine 
flight  hours  (A  MMH/10*  EFH),  compared  to  the  baseline  F100-PW-100  engine,  is  shown  below: 


Scheme 

MMH/lir  EFH 
Over  baseline 

I 

2ft,48ft 

II 

2,47ft 

III 

60.773 

IV 

94,253 

V 

54,202 

A brief  summary  of  the  maintainability  features  and  penalties  of  each  scheme  is  as  follows: 

1.  Scheme  l — The  location  of  the  main  oil  and  scavenge  pumps  results  in  an 
increase  in  MMH/EFH  from  baseline.  This  is  due  to  additional  task  times 
and  a higher  parts  discrepancy  rate  with  the  main  oil  pump  inside  the  No.  2-3 
bearing  compartment,  and  scavenge  pumps  in  the  individual  No.  1.  4,  and  3 
compartments. 

2.  Scheme  II  — The  blowdown  scavenge  system  used  for  the  No.  1.  4.  and  ft 
bearing  compartments  significantly  reduces  the  MMH/EFH  in  this  scheme. 
Without  the  need  of  carbon  seal  assemblies  and  their  supports,  the  total  task 
times  for  those  compartments  are  greatly  reduced.  The  elimination  of  the 
No.  1,  4,  and  5 scavenge  pumps  is  also  a major  contributing  factor. 

The  items  that  increase  the  MMH/EFH  most,  due  to  additional  task  times 
required,  are  the  main  oil  pump,  No.  2-3  scavenge  pump,  and  the  finned  wall 
air/oil  cooler.  There  is  also  a higher  parts  discrepancy  rate  for  the  pumps 
being  inside  the  No.  2-3  bearing  compartment. 

3.  Scheme  III  — With  pumps,  filters,  and  deoilers  to  remove/replace  in  each 
bearing  compartment,  the  task  times  required  to  maintain  these  components 
are  increased  greatly  over  the  baseline. 

The  frequency  of  part  discrepancies  for  individual  pumps,  filters,  etc.,  is 
higher  than  the  frequency  for  the  single  part  in  the  baseline,  which  performs 
the  same  job. 

4.  Scheme  IV  — The  total  A MMH/EFH  is  higher  in  this  scheme,  mostly  due 
to  the  increase  in  task  times  required  for  the  high  compressor  rotor  and  stator 
assembly.  No.  4 bearing  compartment,  and  diffuser  case.  There  is  a 
significant  decrease  in  task  times  for  the  No.  2-3  bearing  compartment  due  to 
the  shifting  of  the  gearbox  drive  mechanism  to  the  No.  4 compartment. 

Many  of  the  parts  discrepancy  rates  in  this  scheme  are  the  same  as  for 
baseline  since  the  oil  pumps,  filter,  and  coolers  are  on  the  outside  of  the 
engine. 

5.  Scheme  V — The  finned  wall  air/oil  coolers  increase  task  times  significantly, 
since  the  fan  ducts  have  to  be  removed  to  obtain  access  to  them.  The  pumps 
in  the  No.  2-3  bearing  compartment  also  increase  the  task  times,  as  well  as 
the  parts  discrepancy  rates. 


43 


d.  Reliability 


Reliability  calculations,  detailed  to  the  component  basis,  are  presented  in  Appendix  ('  along 
with  the  maintainability  figures,  A summary  of  the  differential  system  part  discrepancies  per 
million  engine  flight  hours  (A  discrepancies/1 0*  EFH)  compared  to  the  baseline  FlOO-PW-100 
engine,  is  as  follows: 

A Discrepancies/ HP  EFH 
Scheme  Compared  to  Haseline 

I +44 

II  -1476 

III  + 670 

IV  -86 

V +252 

Note  that  Scheme  II  has  the  highest  reliability  rating,  and  Scheme  III  has  the  worst  rating.  A 
summary  of  the  reliability  features  and  penalties  of  each  scheme  is  as  follows: 

1.  Scheme  l — Incorporation  of  the  oil  pumps  into  the  bearing  compartments 
resulted  in  a small  decrease  in  reliability  due  to  the  increased  number  of 
parts  involved,  but  this  was  partially  offset  by  using  the  No.  2-3  compart- 
ment as  an  oil  reservoir.  The  net  effect  was  a small  decrease  in  reliability. 

2.  Scheme  II  — The  greatest  improvement  in  reliability  was  calculated  for  the 
blowdown  scavenge  system.  The  major  contributing  factors  are  the  elimina- 
tion of  the  bearing  compartment  carbon  face  seals  and  the  No.  1,  4,  and  5 
compartment  scavenge  pumps. 

Incorporating  the  pumps  into  the  No.  2-3  compartment  reduced  reliability  by 
a slight  amount  due  to  the  increased  number  of  parts  in  the  drive  system. 

3.  Scheme  III  — The  increased  complexity  of  this  scheme,  caused  by  the 
incorporation  of  heat  pipe  evaporators  and  condensers,  resulted  in  Scheme 
III  having  the  lowest  reliability  of  the  five  schemes. 

4.  Scheme  IV  — There  were  no  significant  differences  in  reliability  from  the 
baseline  engine.  Minor  improvements  can  be  attributed  to  the  incorporation 
of  the  oil  tanks  into  the  compartment  and  the  reduced  complexity  of  the  No. 

2-3  compartment.  The  reliability  of  the  accessory  drive  system  was  reduced 
by  a small  amount  due  to  the  added  complexity  and  additional  parts 
required  to  drive  the  accessory  section  from  the  No.  4 compartment.  The  net 
effect  was  a slight  improvement  in  reliability. 

5.  Scheme  V — As  noted  in  Scheme  I,  incorporation  of  the  pumps  into  the 
bearing  compartment  causes  a decrease  in  reliability.  A relatively  large 
reduction  was  caused  by  the  addition  of  an  oil  boost  pump,  which  was  not 
employed  in  the  other  schemes. 


•.  Acquisition  Costs 

The  baseline  FlOO-PW-lOO  engine  was  found  to  have  the  lowest  lubrication  system  tola! 
acquisition  cost  and  was  awarded  the  maximum  point  allotment  of  five.  A breakdown  of  the 
component  costs  for  each  scheme  is  presented  in  Ap|>endix  D.  The  total  increase  in  cost  for  each 
scheme  over  the  baseline  engine  is  as  follows: 

Scheme 

I 

II 

III 

IV 

V 

I.  LHo  Cycls  Costs 

The  following  summary  shows  that  the  life  cycle  costs  for  all  five  schemes  exceeded  that  of 
the  baseline  F100-PW-100  engine. 


Scheme 

I 

II 

m 

IV 

v 

Visibility  into  the  generation  of  life  cycle  cost  values  and  calculation  of  the  rating  points  can 
be  obtained  from  the  detailed  values  presented  in  Appendix  E. 

0.  Weight 

All  five  candidate  schemes  were  found  to  weigh  more  than  the  baseline  (F100)  lubrication 
system.  A summary  of  the  increase  in  weight  over  the  baseline  engine  is  given  below: 


Scheme 

I 

n 

hi 

IV 

v 

A detailed  breakdown  of  component  weights  for  each  scheme  is  given  in  Appendix  F. 

h.  Frontal  Area 

The  overall  variation  in  frontal  area  was  very  small  for  the  five  schemes.  However,  as  shown 
below,  the  projected  frontal  area  for  all  five  compartmental  lubrication  schemes  is  slightly  less 
than  that  of  the  baseline  F100-PW-100  engine. 


A Cost  From  Baseline 

$ (Millions) 

+ 3.7 
+ 4.7 
+ 66.0 
+ 7.0 
+ 16.4 


A Cost  Over  Baseline 

+ $ 943 

4$  3,469 
4 $36,907 
4$  1.679 
4$  9,183 


L 
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A Frontal  Area  From  Baseline 
Scheme  in.’ 


I 

II 

III 

IV 

V 


-9 9.6 
-99.6 
-45.0 
-42.2 
-99.6 


I.  Manufacturing,  Aaaambly,  and  Davalopmant  Considerations 

This  criterion  was  evaluated  by  first  listing  the  manufacturing,  assembly,  and  development 
difficulties  associated  with  each  scheme.  Each  difficulty  was  then  assigned  a numerical  value  of 
-1  to  -10,  based  on  the  severity  of  the  problem,  with  the  worst  problems  receiving  a -10. 
Appendix  G provides  a tabulation  of  these  difficulties  and  the  points  for  each.  A summary  of  the 
total  points  assessed  against  each  scheme  is  shown  below. 

Total  Points  Assessed 
Scheme  Against  Scheme 

I - 9 

II  -12 

III  -27 

IV  - 12 

V -21 

Baseline  - 3 


The  scheme  with  the  minimum  negative  points  was  assigned  a comparison  to  best  scheme 
factor  of  (1)  and  was  given  the  maximum  rating  points  (3)  assigned  to  this  criterion.  All  other 
schemes  received  fewer  rating  points  proportionally  to  the  number  of  negative  points  assessed 
against  them. 

/.  Syafam  Compromlaaa 

A list  of  lubrication  system  compromises  associated  with  each  candidate  scheme  and  the 
baseline  engine  is  given  in  Appendix  G.  The  severity  of  each  compromise  was  rated  from  -1  to 
-10,  with  the  most  severe  problem  receiving  a rating  of  - 10.  A summary  of  the  total  points 
assessed  against  each  scheme  is  as  follows: 

Scheme 

I 

II 

III 

IV 

V 

Baseline 


Points 
-38 
-41 
-63 
-24 
-38 
- 4 


The  maximum  of  four  points  for  this  criterion  was  assigned  to  the  baseline  scheme  since  it 
had  the  least  number  of  negative  points  against  it.  All  other  schemes  received  a proportionate 
value  of  these  points,  based  on  a numerical  ratio  of  the  absolute  value  of  total  points  compared 
to  the  best  (baseline)  scheme. 
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k.  Results  of  Phase  I Trad*  Studies 


I 


Scheme  II  was  determined  to  he  the  best  of  the  advanced  lubrication  systems,  as  well  as 
superior  to  the  F100-PW-100  baseline  system  as  evaluated  in  Phase  I of  this  program.  Table  5 lists 
the  various  study  schemes,  along  with  their  final  point  totals.  A detail  breakdown  of  the 
individual  scores  in  each  rating  criterion  for  each  scheme  was  presented  in  the  preceding  section. 

TABLE  5.  OVERALL  POINT 
RATING  SUM- 
MARY 


Scheme 

Point  Totals 

l 

74.8 

II* 

84.2 

III 

53.0 

IV 

50.7 

V 

59.3 

Baseline 

81.6 

• Scheme  II  as  defined  in  Section  H.2.b. 

A review  of  Scheme  II  on  a component  basis  indicated  that  improvement  in  its  competitive 
position  could  be  achieved  by  substituting  baseline  F100-PW-100  oil  coolers  for  the  finned  wall 
air/oil  and  plate-fin  fuel/oil  coolers.  This  modification  (Scheme  II-l)  has  the  following  impact, 
relative  to  the  original  Scheme  II  system,  on  the  criteria  summarized  below: 

1.  Maintainability  — Scheme  II-l  reduces  maintainability  by  9,798  main- 
tenance man-hours  per  million  engine  flight  hours  over  Scheme  II. 

2.  Vulnerability  — Scheme  II-l  is  16.6  percent  less  vulnerable  than  Scheme  II. 

3.  Cost  — Scheme  II-l  reduces  life  cycle  costs  $6.3  million  and  acquisition  costs 
$6,761  per  engine  when  compared  to  Scheme  II. 

4.  Weight  — Scheme  II-l  is  58.6  tb  lighter  than  Scheme  II. 

The  basic  Scheme  II  system  was  found  superior  to  the  baseline  F100-PW-100  system  in 
vulnerability,  reliability,  and  frontal  area,  as  shown  in  Table  4 in  the  previous  section.  Scheme 
II-l  further  improved  its  competitive  position  against  the  F100-PW-100  system  by  being 
determined  superior  to  the  baseline  system  in  the  maintainability,  acquisition  cost,  and  life  cycle 
cost  criteria  categories. 

The  selection  of  Scheme  II  provided  several  areas  of  technology  that  will  be  useful  in  future 
engine  applications.  These  are: 

• High-speed  oil  supply  and  scavenge  pumps  running  two  and  one-half  times 
conventional  engine  pump  speeds. 

• High-speed,  compact  drive  gear  train. 

• Oil  deaeration  improvements  in  conjunction  with  a small  volume  oil  tank. 
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• Investigation  of  assembly  and  servicing  techniques  required  in  an  advanced 
engine  which  utilizes  a compart  mental  lubrication  system. 

• Provided  for  the  evaluation  of  blowdown  scavenge  system  analysis  for 
military  aircraft. 

• Provided  for  evaluation  of  oil  handling  characteristics  in  compact  bearing 
compartment  applications. 


SECTION  III 

PHASE  II  — DETAILEO  EVALUATION  AND  PRELIMINARY 
DESIGN  OF  SELECTED  SYSTEM 


1.  PHASE  I — REVIEW  AND  UPDATING  OF  INITIAL  QUANTITATIVE  ANALYSIS 

A review  of  the  Compartmental  Lubrication  System  program  was  held  at  Pratt  and 
Whitney  Aircraft,  Government  Products  Division  on  March  22,  197(5  through  March  25,  197(5  with 
the  AFAPL  Project  Engineer.  It  was  decided  during  this  review  that  the  method  for  calculating 
criteria  rating  points  for  reliability  and  maintainability  in  the  Phase  I analysis  was  not  consistent 
with  the  method  used  for  the  other  rating  criteria.  A reevaluation  of  the  points  (Table  6)  showed 
that  Scheme  II  was  still  the  top  candidate  compartmental  lubrication  system  scheme  but  it  no 
longer  rated  higher  than  the  baseline  F100-PW-100  system  as  was  reported  in  the  initial  Phase  I 
results. 

The  selected  compartmental  lubrication  system  scheme  (Scheme  II)  was  then  revised  based 
on  knowledge  obtained  from  the  Phase  I quantitative  analyses.  Since  these  analyses  were  done  on 
a component  basis,  it  was  possible  to  select  components  from  other  schemes  to  improve  the 
selected  scheme.  These  modifications  and  design  refinements  included  replacing  the  fin-wall 
air-oil  heat  exchanger  with  fan  duct  plate-fin  modules,  replacing  the  plate-fin  fuel-oil  heat 
exchangers  with  shell  and  tube  heat  exchangers  and  moving  the  oil  filter  external  on  top  of  the 
engine  to  provide  more  oil  tank  volume  in  the  No.  2-3  compartment.  These  revisions  were 
incorporated  in  the  preliminary  design  layout  (Phase  II,  Task  I)  shown  on  Figure  14.  The 
quantitative  analysis  was  then  repeated  incorporating  these  revisions,  and  Scheme  II  was  found 
to  be  significantly  better  than  the  baseline  system  or  any  of  the  other  candidate  schemes  as  shown 
in  Table  7. 


TABLE  6 

QUANTITATIVE  TRADE  STUDIES 


Manufacturing 
Assembly  and 


Katin# 

Criteria 

Vulnerability 

Maintainability 

Reliability 

Acquisition 

Costs 

l.ife- Cycle 
Costs 

Weifbt 

Frontal 

Area 

Development 

Difficulties 

<$>  stem 
Compromises 

Totals 

Maximum 

hunt 

Allotment 

.10 

25 

10 

5 

5 

10 

6 

3 

4 

100 

St  h eme 

1 

25.2 

115 

6.2 

4.8 

48 

96 

8.0 

1.0 

0.4 

73  6 

II 

22.9 

22.5 

10.0 

4.5 

4.7 

8.5 

8.0 

08 

0.4 

82.3 

III 

30.0 

66 

7.7 

2.3 

2.6 

69 

7.7 

0.3 

0.3 

64  4 

IV 

20.6 

4.7 

8.4 

4.7 

4.5 

8.2 

7.7 

0.8 

0.7 

60  3 

V 

21  6 

7.2 

8.0 

3.8 

4 1 

8.4 

8.0 

0 4 

0 4 

61  9 

Mast*  line 

190 

250 

8.3 

5.0 

5.0 

100 

7.5 

3.0 

4 0 

86  8 
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TABLE  7 

QUANTITATIVE  EVALUATION  WITH  REVISIONS 
IN  SCHEME  n 


Rating 

Criteria 

Vulnerability 

Maintainability 

Reliability 

Acquisition  Life-Cycle 
Costs  Costs 

Weight 

Frontal 

Area 

Manufacturing 
Assembly  and 
Development 
Difficulties 

System 

Compromises 

Totals 

Maximum 

Point 

Allotment 

30 

25 

10 

5 

5 

10 

8 

3 

4 

100 

Scheme 

I 

25.2 

69 

85 

4.3 

4.4 

9.6 

8.0 

1.0 

0.4 

68.3 

n 

27.4 

250 

10.0 

5.0 

5.0 

9.9 

8.0 

1.8 

0.5 

92.6 

m 

30.0 

3.9 

7.9 

2.0 

2.3 

6.9 

7.7 

0.3 

0.3 

61.3 

IV 

206 

2.8 

8.6 

4.2 

4.1 

8.2 

7.7 

0.8 

0.7 

57.7 

V 

21.6 

4.3 

8.3 

3.4 

3.7 

8.4 

8.0 

0.4 

0.4 

58.5 

Baseline 

190 

14  9 

8.5 

4.5 

4.5 

10.0 

7.5 

3.0 

4.0 

75.9 

2.  FINAL  SELECTION  OF  COMPARTMENTAL  LUBRICATION  SYSTEM  CONFIGURATION 


•.  Design  Considerations 

The  intent  of  the  selected  compartmental  lubrication  system  is  to  provide  reduced 
vulnerability  by  using  the  major  bearing  compartment  to  house  and  shield  the  critical  lubrication 
system  components.  The  oil  tank,  being  the  largest  and  most  vulnerable  component,  was  the 
prime  candidate  for  inclusion  in  the  No.  2-3  bearing  compartment.  In  order  to  also  include  the  oil 
supply  pump  and  No.  2-3  scavenge  pump  in  this  compartment  without  overly  restricting  oil  tank 
volume,  it  was  necessary  to  increase  pump  speed  to  10,000  rpm.  This  is  two  and  one-half  times 
the  speed  of  conventional  gas  turbine  engine  oil  pumps.  The  increased  speed  provides  for  a 
smaller  pump  volume  and,  in  addition,  allows  a smaller  gear  set  for  speed  reduction  from  the 
26,000  rpm  towershaft  drive  to  the  pump.  The  2.8  gal  oil  tank  volume  was  initially  considered 
marginal,  but  rig  tests  were  run  and  substantiated  deaeration  capabilities. 

The  gearbox  is  mounted  on  top  of  the  engine  and  driven  by  a towershaft  running  through  a 
vertical  support  strut  in  the  No.  2-3  compartment.  Running  the  towershaft  through  the  top  of  the 
engine  provides  more  room  in  the  bottom  of  the  compartment  for  the  oil  tank.  Mounting  the 
gearbox  on  top  of  the  engine  also  reduces  vulnerability  to  ground  fire  and  missile  shrapnel.  The 
deoiler  and  breather  pressurizing  valve  as  well  as  the  alternator  are  gearbox-mounted.  The 
alternator  was  located  in  the  No.  1 compartment  bullet  nose  during  the  Phase  I analysis  to  satisfy 
a statement -of- work  requirement  for  an  internal  location  for  the  alternator  drive.  However,  the 
alternator  was  moved  back  to  the  gearbox  due  to  problems  with  supplying  power  to  the  engine 
during  starting  with  the  low-rotor-driven  alternator.  Quantitative  analysis  has  also  shown  that 
the  bullet  noee  location  did  not  offer  any  improvement  in  vulnerability  and  resulted  in  a slight 
increase  in  coat  and  weight.  Shell  and  tube  fuel-oil  coolers  and  a nonbypassing  oil  filter  are  also 
located  on  top  of  the  engine  to  reduce  vulnerable  area.  Plate-fin,  air-oil  coolers  are  mounted  in  the 
fan  duct  at  the  top  of  the  engine. 

b.  Scavenge  Options  for  No.  1,  4,  and  5 Bearing  Compartments 

One  major  concern  with  the  selected  compartmental  lubrication  system  scheme  was  the 
lack  of  substantiation  for  the  blowdown  system  used  to  scavenge  the  No.  1,  4,  and  5 bearing 
compartments.  This  type  scavenge  system  has  been  used  successfully  on  subsonic  engines  such 
as  the  JT15D  but  has  not  been  attempted  on  engines  for  supersonic  aircraft.  An  analytical 
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simulation  of  the  scavenge  blowdown  system  (see  Appendix  H)  shows  that  the  system  can  be 
sized  to  function  without  pressure  reversals  (oil  leakage)  during  transient  decels  utilizing  either 
labyrinth  or  carbon  seals  in  the  compartments.  However,  labyrinth  seal  leakage  would  be 
approximately  l(XX)  lb  per  hour  which  is  out  of  the  range  of  oil  tank  deaeration  capabilities  and 
would  result  in  an  unnecessary  performance  penalty  on  the  engine.  Consequently,  it  was  decided 
to  reevaluate  the  selected  com  part  mental  lubrication  system  quantitatively  with  four  (4)  optional 
methods  of  scavenging  the  No.  1,  4,  and  5 compartments.  The  Phase  I evaluation  criteria  was 
again  used  to  maintain  a constant  base  for  the  quantitative  analyses.  Optional  scavenging 
methods  are  as  follows: 

Option  I - The  No.  1,  4,  and  5 compartments  are  scavenged  by  a 
blowdown  system,  but  carbon  seals  are  used  in  these  compart- 
ments to  limit  air  leakage. 

Option  II  - The  No.  1,  4,  and  5 compartments  are  scavenged  bv  gear 
pumps  on  the  top  mounted  gearbox.  Carbon  seals  are  used  in 
these  compartments. 

Option  III  - The  No.  1 and  5 compartments  are  scavenged  by  gear  pumps 
mounted  within  their  respective  compartments,  and  the  No.  4 
compartment  is  scavenged  by  a gear  pump  mounted  within 
the  gearbox.  All  compartments  incorporate  carbon  seals. 

Option  IV  - The  No.  1,  4,  and  5 compartments  are  scavenged  by  gear 
pumps  on  the  top  mounted  gearbox  like  Option  II.  However, 
labyrinth  seals  are  used  for  the  No.  1,  4,  and  5 compartments, 
and  the  volumetric  displacement  of  the  scavenge  pumps  is 
used  to  limit  seal  leakage.  Labyrinth  seals  were  not  used  in  the 
No.  2-3  compartment  since  seal  leakage  could  not  be  limited 
by  this  compartment’s  scavenge  pump.  The  No.  2-3  compart- 
ment is  breathed  to  ambient  through  the  gearbox  breather 
valve  which  could  result  in  sufficient  air  leakage  by  the 
labyrinth  seals  to  cause  foaming  in  the  gearbox  and/or  the 
bearing  compartment. 

c.  Comparison  of  Configuration  Options  Using  Phase  I Criteria 

Table  8 shows  that  the  Option  I,  II,  and  III  total  point  allotments  are  all  within  5.3  points 
of  the  baseline  F100-PW-100  engine.  However,  Option  IV  with  93.4  points  is  11.9  points  (15rf) 
better  than  the  baseline  engine.  This  is  primarily  due  to  the  improved  maintainability  of  the 
labyrinth  seals  over  carbon  seals  and  the  reduction  in  vulnerability  with  the  oil  tank  inside  the 
No.  2-3  compartment. 

Rased  on  this  analysis  the  scavenge  system  utilizing  high-speed  gear  pumps  and  labyrinth 
seals  for  the  No.  1.  4.  and  5 compartments  was  incorporated  in  the  final  compartmental 
lubrication  system  design.  The  final  design  layout  is  shown  in  Figure  15.  and  the  evaluation  of 
this  system  compared  with  the  baseline  F100-PW-100  engine  is  presented  in  the  following 
paragraphs. 
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TABLE  8 

QUANTITATIVE  COMPARISONS  OF  SCAVENGE  OPTIONS 


Rating 

Criteria 

Vulnerability 

Maintainability 

Reliability 

Acquisition  Life-Cycle 
Costs  Costs 

Weight 

Frontal 

Area 

Manufacturing 
Assembly  and 
Development 
Difficulties 

System 

Compromises 

Totals 

Maximum 

Point 

Allotment 

30 

25 

10 

5 

5 

10 

8 

3 

4 

100 

Scavenge  Option* 

I 

30.0 

11.2 

9.5 

5.0 

5.0 

10.0 

8.0 

1.8 

0.7 

81.2 

n 

29.1 

10.8 

9.0 

4.7 

4.9 

9.7 

7.9 

1.5 

1.0 

78.6 

III 

27.9 

10.0 

8.9 

4.8 

4.8 

9.7 

7.9 

IJ 

0.9 

76.2 

IV 

29.1 

25.0 

10.0 

4.8 

4.9 

9.6 

7.9 

1.3 

0.8 

93.4 

Baaeline 

20.7 

18.4 

8.9 

4.6 

4.7 

9.7 

7.6 

3.0 

4.0 

81.5 

NOTES: 


1 . Option  I 

2.  Option  II 

3.  Option  HI 

4.  Option  IV 


No*.  1,  4,  and  5 compartment*  have  acavenge  blowdown  and  carbon  seals. 

No*.  1,  4,  and  5 compartments  are  scavenged  by  gearbox-mounted  gear  pumps. 

Carbon  seals  are  used  in  compartments. 

Noa.  1 and  5 compartments  are  scavenged  by  gear  pump*  mounted  in  their  respective  compartments. 

No.  4 scavenge  pump  is  in  gearbox.  Carbon  seals  are  used  in  compartments. 

Noa.  1,  4,  and  5 compartments  are  scavenged  by  gearbox-mounted  gear  pumps.  Labyrinth  seals  are  used 

in  the  No*.  1,  4,  and  5 compartments  and  the  volumetric  displacement  of  the  scavenge  pumps 

used  to  limit  seal  leakage. 


3.  METHOD  OF  QUANTITATIVE  ANALYSIS  FOR  PHASE  II,  TASK  II  EVALUATION 

In  Phase  II,  the  selected  compartment  lubrication  system  configuration  was  compared  with 
the  baseline  F100-PW-100  lubrication  system  on  the  basis  of  vulnerability,  maintainability, 
reliability,  weight,  acquisition  costs,  life-cycle  costs,  frontal  area,  engine  starting  and  windmilling 
operation,  and  oil  contamination  tolerance  per  the  statement  of  work.  Where  applicable,  the 
evaluation  was  done  on  a quantitative  basis  as  a differential  value  (i.e.,  A weight,  A cost,  etc.) 
as  compared  to  the  baseline  engine.  The  evaluations  were  made  using  the  Phase  II,  Task  I 
mechanical  layout  with  component  sizes  substantiated  by  numerical  analyses. 

The  method  of  evaluation  for  the  vulnerability  criteria  was  the  same  as  applied  in  Phase  I 
except  for  the  weighting  factors  which  were  revised  to  better  represent  the  vulnerability  of  the  six 
views  for  a mixed  mission.  The  revised  weighting  is  shown  below: 

Views  Weights,  % 

Front  15 

Rear  10 

Top  16 

Bottom  20 

Left  Side  20 

Right  Side  20 

The  method  of  evaluation  for  the  maintainability,  reliability,  weight,  acquisition  costs,  life- 
cycle  costs,  and  frontal  area  criteria  are  identical  to  those  used  in  Phase  I except  absolute 
differential  values  in  comparison  to  baseline  system  are  presented  in  Phase  II.  A point  allotment 
system  was  used  in  Phase  I. 

The  engine  starting  and  windmilling  operating  was  evaluated  by  comparing  the  com- 
partmental  lubrication  system  component  parasitic  power  extraction  to  that  of  the  baseline 
engines.  The  ability  of  the  alternator  to  supply  power  during  starting  was  also  evaluated. 
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Oil  contamination  tolerance  was  evaluated  by  comparing  running  clearances  of  rotating 
parts,  oil  filtration  capacity,  and  probability  of  inducing  contamination  into  the  compart  mental 
lubrication  system  as  compared  to  the  baseline  engine. 

4.  RESULTS  OF  PHASE  II  QUANTITATIVE  ANALYSIS  OF  FINAL  ENGINE  DESIGN 

Table  9 summarizes  the  results  of  the  evaluation  of  the  compart  mental  lubrication  system 
in  the  areas  of  vulnerability,  maintainability,  reliability,  acquisition  costs,  life-cycle  costs,  frontal 
area,  engine  starting  and  windmilling  operation  and  oil  contamination  tolerance.  All  analyses 
were  performed  on  a differential  basis,  compared  with  the  baseline  F100-PW-100  engine.  Also, 
where  practical,  the  analyses  were  performed  quantitatively  on  a component  basis  to  emphasize 
the  compartmental  lubrication  system’s  strong  and  weak  points.  Details  of  the  evaluations  are 
given  in  the  following  paragraphs. 


TABLE  9. 

SUMMARY  OF  QUANTITATIVE  ANALYSIS  RESULTS 


Criteria 

Vulnerability 

Maintainability 

Reliability 

Weight 

Acquisition  Coat 
Life-Cycle  Coat 
Frontal  Area 

Starting  and  Windmilling  Operation 
Oil  Contamination  Tolerance 


Criteria  Differential  Compared  to  Baseline  FlOO-PW-lOO  Engine 
Vulnerable  area  reduced  28.8rf 

Maintenance  man-houra  per  million  engine  flight  hours  reduced  by  57S6 

Part  discrepancies  reduced  by  962  per  million  engine  flight  hours 

Weight  increased  by  1.7  tb 

Coat  decreased  by  $906.00  per  engine 

Life-cycle  coot  decreased  by  $4.1  million 

Frontal  area  decreased  by  80  in.' 

No  change  from  baseline  engine 

Time  between  filter  cleaning  reduced  from  200  hours  to  180  hours 


a.  Vulnerability 

Table  10  shows  on  a component  basis,  the  differential  vulnerable  areas  of  the  selected 
system  compared  to  the  baseline  engine  for  “A"  and  “B”  kills  of  30  to  50  cal  projectiles  traveling 
at  1500  and  2500  ft/sec.  These  numbers  were  then  calculated  as  a percentage  of  the  baseline 
engine,  averaged  for  “A”  and  “B”  kills  and  multiplied  by  the  probability  of  a hit  (view  factor)  for 
each  of  the  six  views.  The  “A"  and  “B"  kill  numbers,  times  their  view  factor,  tvere  then  averaged 
together  for  each  view  and  this  number  for  each  view  was  then  added  together  to  obtain  an  overall 
value  of  percentage  of  baseline  vulnerable  area.  Table  11  shows  that  the  vulnerable  area  of  the 
selected  system  is  71.2  percent  of  the  baseline  system. 

b.  Maintainability 

The  results  of  the  maintainability  analysis  are  detailed  to  the  component  basis  in  Table  12 
as  differential  maintenance  man-hours  per  million  engine  flight  hours  (AMMH/10*  EFH) 
compared  to  the  baseline  F100-PW- 100  engine.  The  overall  reduction  in  maintenance  man-hours 
per  million  engine  flight  hours  is  5756  AMMH/10*  EFH.  This  reduction  is  primarily  due  to 
replacing  carbon  seals  in  the  No.  1,  4,  and  5 compartments  with  labyrinth  seals. 
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TABLE  10 

DIFFERENTIAL  VULNERABLE  AREA  COMPARED  TO  BASELINE  ENGINE 
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TABLE  10 

DIFFERENTIAL  VULNERABLE  AREA  COMPARED  TO  BASELINE  ENGINE  (Continued) 
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TABLE  10 

1NTIAL  VULNERABLE  AREA  COMPARED  TO  BASELINE  ENGINE  (Continued) 
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TABLE  1 1 

VULNERABILITY  SUMMARY 


View 

Vieu ’ 
Factor 

•tit-rage  % o/ 
Hasehne  Engine 
Vulnerable  trwi 
tor  "A  ■'  Kills 

"A"  Kill  Average 
Times  Vieu  Factor 

Aierage  % of 
RaseUne  Engine 
Vulnerable  Area 
for  "8"  Kills 

"H"  Kill  Average 
Times  View  Factor 

A “ and  "H"  Kill 
Average  With 
View  Factor 

Front 

15% 

88.0 

13.2 

41.0 

6.2 

9.7 

K*ar 

10% 

89.0 

8.9 

79.5 

8.0 

8.5 

Top 

15% 

138.0 

20.7 

111.3 

16.7 

18.7 

Bottom 

20% 

28.5 

5.7 

41.8 

8.4 

7.1 

Left  Side 

20% 

97.3 

14.6 

83.3 

16.7 

15.7 

Kight  Side 
Total 

20% 

100% 

66.8 

13.4 

47.8 

96 

11.6 

£-71.2 

TABLE  12 

MAINTAINABILITY  ANALYSIS  RESULTS 
Component AMMH/IP  EFH 


Alternator 

0 

Gearbox 

-170 

Oil  Filter 

0 

Oil  Supply  Pump 

7904 

No.  1 Scavenge  Pump 

-143 

No.  2-3  Scavenge  Pump 

7061 

No.  4 Scavenge  Pump 

-106 

No.  5 Scavenge  Pump 

-143 

Fuel  Oil  Coolers 

0 

Air-Oil  Coolers 

0 

Boost  Pump 

0 

Deaerator 

65 

No.  1 Bearing  Compartment 

-2544 

No.  2-3  Bearing  Compartment 

1120 

No.  4 Bearing  Compartment 

-13604 

No.  5 Bearing  Compartment 

-5664 

Oil  Tank 

900 

Inlet  Fan  Module 

-431 

Total 

-5756 

e.  Reliability 

Reliability  calculations  detailed  to  the  component  basis  are  presented  in  Table  13. 
Reliability  is  expressed  as  the  differential  part  discrepancies  per  million  engine  flight  hours 
(Apart  discrepancies/10*  EFH).  The  improvement  in  reliability  is  962  fewer  part  discrepancies 
per  million  engine  flight  hours  compared  to  the  baseline  engine. 

d.  Weight 

Table  14  shows  that  the  compartmental  lubrication  system  results  in  a 1.7  lb  increase  in 
engine  weight  over  the  baseline  engine.  The  increase  in  weight  comes  from  operating  two  pump 
packages  rather  than  one  and  providing  a shielding  cover  for  the  alternator.  This  is  partially 
compensated  by  a weight  reduction  realized  from  the  compartmentalized  oil  tank  and  the  use  of 
labyrinth  seals  in  place  of  carbon  seals. 
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TABLE  13 

RELIABILITY  ANALYSIS  RESULTS 


Component 


Alternator 
Gearbox 
Oil  Filter 
Oil  Supply  Pump 
No.  1 Scavenge  Pump 
No.  2-3  Scavenge  Pump 
No.  4 Scavenge  Pump 
No.  5 Scavenge  Pump 
Fuel-Oil  Coolers 
Air-Oil  Coolers 
Boost  Pump 
Deaerator 

No.  1 Bearing  Compartment 
No.  2-3  Bearing  Compartment 
No.  4 Bearing  Compartment 
No.  5 Bearing  Compartment 
Oil  Tank 
Inlet  Fan  Module 


A Part  Discrepancies/ 
IV  EFH 


TABLE  14 

DIFFERENTIAL  WEIGHTS  OF  COMPARTMENTAL  LUBRI- 
CATION SYSTEM  COMPARED  TO  BASELINE  ENGINE 


Source  of 

Weight  Differential 


No.  2-3  Bearing  Compartment 
and  Oil  Tank 

Oil  Supply  and  Scavenge  Pumps 
Cover  for  Gearbox  Mounted 
Alternator 

Bearing  Compartment  Seals 
(Labyrinth  Seals  Replace  Carbon 
Seals) 

Total 


Weight  Differential 

(tb 


-5.6 
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•.  Acquisition  Costs 

Table  15  presents  a component  breakdown  of  the  cost  differential  between  the  compart  men- 
tal lubrication  system  and  the  baseline  engine.  The  total  cost  savings  would  be  $906  per  engine 
obtained  primarily  from  the  internal  oil  tank  and  the  use  of  labyrinth  seals. 

TABLE  15 

DIFFERENTIAL  ACQUISITION  COSTS  OF  COMPARTMENTAL 
LUBRICATION  SYSTEM  COMPARED  TO  BASELINE  ENGINE 


Source  of  Acquisition  Differential 

Costs  Differential Costs  Dollars 


Internal  Oil  Tank 

-1476 

Alternator  Housing 

No.  2-3  Compartment 

+ 50 

Add:  3 Drive  Gears 

+ 195 

Add:  2 Bearings  and  Bearing  Housing 

+ 175 

Add:  1 Pump  Housing 

+ 175 

Add:  Pump  Housing  Support 

+ 100 

Add  External  Pump  Housing 

+ 505 

Revise  Main  Pump  Housing 

- 130 

Replace  4 Carbon  Seals  with  Labyrinth  Seals 

- 500 

Total 

- 906 

t.  Llfa-Cycla  Cotta 

Table  16  shows  that  the  compartmental  lubrication  system  would  result  in  a 4.1  million 

dollar  reduction  in  the  life-cycle  costs.  Using  labyrinth  seals 
accounts  for  2.9  million  of  the  4.1  million  dollar  total. 

in  the  No.  1,  4.  and  5 compartments 

TABLE  16 

DIFFERENTIAL  LIFE  CYCLE  COSTS  OF  COMPARTMENTAL  LU- 
BRICATION SYSTEM  COMPARED  TO  BASELINE  ENGINE 

Source  of  Life  Cycle  Cost  (LCC)  Differential 

Differential  LCC  - $ Millions 

No.  2-3  Bearing  Compartment  and  Scavenge 

+0.6 

Revisions 

Oil  Supply  and  No.  2-3  Scavenge  Pumps 

+2.1 

in  No.  2-3  Compartment 

Oil  Tank  in  No.  2-3  Compartment 

-2.5 

Gearbox  on  Top  of  Engine 

-0.2 

Fuel-Oil  Coolers  on  Top  of  Engine 

0 

Plumbing  Revisions 

-1.2 

Labyrinth  Seals  in  No.  1 Compartment 

-0.5 

Labyrinth  Seals  in  No.  4 Compartment 

-1.5 

Labyrinth  Seals  in  No.  5 Compartment 

-0.9 

Total 

-4.1 

g.  Frontal  Araa 


The  frontal  area  of  the  compart  mental  lubrication  system  was  found  to  be  only  80  square 
inches  less  than  the  baseline  F100-PW-100  engine.  This  area  reduction  was  primarily  due  to 
moving  the  oil  tank  inside  the  No.  2-3  bearing  compartment.  Changes  in  oil  plumbing  had  little 
effect  on  the  projected  frontal  area  since  most  of  the  oil  plumbing  was  either  hidden  by  or  in  the 
same  plane  as  the  fuel  plumbing. 

h.  Englno  Starting  and  Wlndmllllng  Oparatlon 

During  Phase  I of  this  project,  an  attempt  was  made  to  mount  the  alternator  in  the  No.  1 
compartment  to  satisfy  a statement-of-work  requirement  that  the  lubrication  system  design  shall 
provide  as  an  option  for  internal  location  of  the  engine  alternator.  Other  internal  engine  locations 
such  as  the  No.  2-3  and  No.  5 compartments  were  ruled  out  due  to  insufficient  space  or  hot 

environment. 

r; 

A Phase  II  study  showed  that  while  cranking  the  engine  at  the  minimum  high  rotor  lightoff 
speed  of  3000  rpm,  the  lower  rotor  turns  at  300  to  400  rpm,  well  below  the  speed  required  by  the 

1 alternator  to  provide  adequate  energy  to  the  main  combustor  ignition  system.  Several  optional 

methods  of  starting  the  engine  were  investigated  such  as  batteries  and  jet  fuel  starter  powered 
generators,  each  of  which  would  result  in  an  excessive  weight,  cost,  and  maintainability  penalty. 
The  problem  was  reviewed  with  the  AFAPL  Project  Engineer  in  correspondence  dated  26 
May  1976.  The  alternator  was  moved  back  to  the  gearbox  location  for  the  selected  system. 
Subsequent  quantitative  analysis  has  shown  that  the  bullet  nose  location  did  not  offer  any 
improvement  in  vulnerability,  and  resulted  in  a slight  increase  in  cost  and  weight. 

With  the  alternator  relocated  on  the  gearbox  like  the  baseline  engine,  the  starting  and 
windmilling  operation  of  the  compartmental  lubrication  system  engine  is  essentially  the  same  as 
that  of  the  baseline  engine.  If  the  blowdown  system  had  proven  desirable  in  the  quantitative 
evaluation,  a slight  reduction  in  parasitic  losses  (less  than  3.5  hp  at  full  power)  would  have  been 
realized  through  the  elimination  of  the  oil  boost  pump  and  No.  1,  4,  and  5 compartment  scavenge 
pumps.  However,  under  the  present  configuration,  the  power  requirements  of  the  selected  system 
are  the  same  as  that  of  the  baseline  engine. 

I.  011  Contamination  Tolaranca 

Bearing  compartment  air  leakage  for  the  compartmental  lubrication  system  is  two  to  three 
times  that  of  the  baseline  F100-PW-100  engine  due  to  the  use  of  labyrinth  seals  in  place  of  carbon 
seals.  Consequently,  the  lubrication  system  contamination  due  to  air  leakage  will  increase 
proportionately.  However,  it  is  estimated  that  in  the  F100-PW-100  engine,  air  leakage  only 
accounts  for  10  percent  of  the  oil  system  contamination  due  to  the  judicial  selection  of  clean  seal 
pressurization  air.  Air  to  pressurize  the  rear  of  the  No.  2-3  compartment  and  No.  5 compartment 
is  bled  inward  from  the  compressor  sixth  stage  to  the  engine  bore.  The  heavier  contamination 
particles  are  thus  held  at  the  engine  OD  flow  path  providing  clean  air  at  the  engine  bore  to 
pressurize  the  seals.  The  front  of  the  No.  2-3  compartment  and  the  No.  1 compartment  are 
similarly  pressurized  using  fan  discharge  air.  Seal  pressurization  air  for  the  No.  4 compartment 
is  bled  from  the  engine  OD  at  the  seventh  compressor  stage.  However,  this  air  is  passed  through 
a centrifugal  filter  which  removes  92  percent  of  the  contaminants  before  it  is  used  to  pressurize 
the  No.  4 seals.  A seal  pressurization  system  similar  to  this  would  have  to  be  used  on  the 
compartmental  lubrication  system  engine  to  minimize  the  contamination  problem  with  labyrinth 
seals.  It  is  estimated  that  the  time  between  cleaning  for  the  oil  filter  will  be  reduced  10  percent 
from  200  hours  to  180  hours  due  to  the  use  of  the  labyrinth  seals. 

67 


w 


The  10,000  rpm  oil  pumps  for  the  compartmental  lubrication  system  will  have  roughly  the 
sameclearances.  gear  tip  speed,  and  bearing  loads  as  the  baseline  engine.  However,  the  bearing 
speed  has  increased  40  percent  over  the  baseline  engine.  The  remainder  of  the  lubrication  system^ 
as  expected,  is  similar  to  the  baseline  engine  in  contamination  tolerance. 
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SECTION  IV 

PHASE  III  — DETAILED  DESIGN  AND  BENCH  TEST 


1.  SUBSYSTEM  DESIGN  ANALYSIS 

a.  General 

This  section  provides  the  design  criteria  and  approach  that  was  used  for  the  design  of 
critical  components  and  rig  hardware  required  for  test  substantiation  of  the  selected  com- 
partmental  lubrication  system.  The  trade  studies  and  preliminary  design  efforts  of  Phases  I and 
II  resulted  in  a compartmental  lubrication  system  which  achieved  reduced  vulnerability  through 
location  of  major  lubrication  system  components  in  the  largest  bearing  compartment  (No.  2-3). 

Critical  items  identified  from  the  selected  system,  as  requiring  design  and  test  substantia- 
tion, were  the  high-speed  oil  supply  and  scavenge  pumps  (two  and  one-half  times  the  speed  of 
conventional  engine  pumps),  associated  high-speed  drive  gear  train,  a small  volume  oil  tank,  and 
capability  for  tank  deaeration  of  labyrinth  seal  leakages  in  excess  of  three  times  that  of 
conventional  engines.  The  high-speed  oil  supply  and  scavenge  pumps  plus  the  small  volume  oil 
tank  were  designed  during  the  critical  component  design  task  (Phase  III,  Task  I).  These 
components  were  fabricated  and  successfully  bench  tested  during  Phase  III,  Task  II  to  qualify 
them  for  the  system  rig. 

The  F100-PW-100  No.  2-3  compartment  rig  (F34024)  (Figures  16  and  17)  was  selected  for 
the  system  rig  tests.  Utilization  of  this  existing  rig  with  modifications  for  incorporating  high- 
speed oil  pumps,  associated  high-speed  drive  train,  a small  volume  oil  tank,  and  deaeration 
system  within  the  compartment  provided  an  effective  system  test  bed  at  a minimum  cost. 

The  No.  2-3  compartment  rig  has  the  capabilities  for  simulating  engine  speeds, 
compartment  altitude  environmental  conditions,  internal  pressures,  temperatures,  and  required 
oil  flowrates.  This  provided  an  ideal  test  fixture  for  evaluation  of  the  compartmental  lubrication 
system  concept. 

The  feasibility  of  running  the  No.  2-3  compartment  rig  inverted  was  investigated.  This 
would  have  provided  for  the  towershaft  and  high-speed  pump  drive  train  at  the  top  of  the 
compartment  allowing  space  for  an  integral  oil  tank  at  the  bottom  of  the  compartment.  This 
scheme  was  found  to  be  feasible,  but  the  advantages  did  not  outweigh  the  $39,953  cost  for  the 
additional  rig  modifications.  It  was  necessary  to  design  a self-contained  oil  tank  to  keep  oil  off  the 
towershaft  gears,  but  a tank  of  this  type  was  already  required  for  the  component  bench  tests. 

b.  Description  of  Tost  Articles 

(1)  Oil  Supply  and  Seavanga  Pump a 

The  compartmental  lubrication  system  oil  supply  and  No.  2-3  compartment  scavenge 
pumps  (Figure  18)  were  designed  to  operate  at  a full  power  speed  of  10,000  rpm  (two  and  one-half 
times  that  of  con*  entional  engine  oil  pumps)  to  provide  a smaller  vulnerable  area  and  to  reduce 
the  size  of  the  gear  train  required  to  drive  the  pump.  The  pump  supply  and  scavenge  elements  are 
stacked  in  a common  housing  and  are  driven  off  the  towershaft  bevel  gear  bv  spur  gears.  Pump 
gears  are  of  a 9 tooth-16  pitch  (pitch  = No.  of  teeth/pitch  diameter)  configuration  to  provide 
adequate  capacity  without  exceeding  pump  tip  speed  cavitation  limits  at  the  high  shaft  speeds. 
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Figure  16.  Compartmental  Lubrication  System  N 
Section 


/ 


Line 


Pump  Housing 


Figure  18.  High-Speed  Oil  Pump  Internal  Parts 


The  pump  gears  run  on  carbon  bushing  journals  pressed  into  the  end  plate  with  a 0.001  to 
0.0025T  fit.  Acceptable  journal  bearing  loads,  proven  satisfactory  in  the  FlOO-PW-lOOoil  pumps, 
required  that  the  supply  pump  be  split  into  two  pumps  in  parallel  with  common  inlets  and 
discharges  to  avoid  excessively  long  journals.  The  scavenge  pump  is  so  lightly  loaded  that,  based 
on  previous  experience,  a journal  length  of  0.250  in.  was  chosen  to  provide  gear  alignment. 

Shaft  seals  are  provided  at  the  end  of  each  pressure  stage  journal  to  prevent  leakage  from 
the  pressure  pump  to  the  scavenge  pump  and  from  the  pressure  pump  out  the  end  of  the  drive 
shaft.  During  component  bench  tests,  a small  (2  qts/hr)  shaft  leak  was  noted  at  the  drive  end  of 
the  pump.  Investigation  revealed  a leakage  path  from  the  scavenge  pump  module  through  the 
supply  pump  shaft  and  out  the  drive  end  of  the  pump.  The  leak  was  stopped  by  inserting  Viton- 
A gasket  plugs  in  the  hollow  shaft. 

The  AMS-6470  nitrideable  steel  pump  elements  are  stacked  in  an  aluminum  housing  which 
has  provisions  for  the  F100-PW-100  Bill-of-Material  cold  start  pressure  relief  valve.  Separate 
inlet  and  discharge  housings  are  bolted  to  the  front  and  rear  of  the  pump  housing.  The  housings 
are  machined  aluminum  plate  stock  with  simple,  straight  cuts  for  cost-effectiveness.  Five  bolt 
holes  were  provided  in  the  housing  to  mount  the  pump  to  an  existing  flange  on  the  inside  of  the 
rig.  The  pump  housing  is  located  on  two  dowel  pins  to  ensure  gear  and  plumbing  line  alignments. 
O-ring  seals  are  used  in  grooves  between  the  housings  to  seal  the  inlet  and  discharge  side  of  the 
pumps.  Even  though  the  pump  housing  is  made  of  plate  stock  to  reduce  machining  costs,  the 
functional  features  of  the  pump  are  the  same  as  would  be  required  for  an  actual  engine  utilizing 
the  Compartmental  Lubrication  System  concept. 

Inlets  to  the  pump  elements  are  dimensioned  for  standard  4-bolt,  swivel -flange,  piloted  O- 
ring  connectors.  The  discharge  ports  are  dimensioned  for  piloted  O-ring  connectors.  The  supply 
pump  discharge  line  is  supported  by  the  rig  outer  wall,  and  the  scavenge  pump  discharge  line  is 
a jumper-tube  trapped  between  the  pump  housing  and  the  oil  tank  fitting.  These  two  lines  require 
no  additional  attachment  to  the  pump.  Because  the  pump  was  also  designed  to  be  tested  on  a 
component  test  bench,  threaded  holes  are  provided  to  allow  the  hook  up  of  test  facilities 
plumbing  to  the  pump  inlets  and  discharges. 

(2)  Oil  Tank  and  Daaarator 

The  oil  tank  (Figures  19  and  20)  was  designed  in  a semicircular  configuration  to  fit  inside 
the  F100-PW-100  No.  2-3  bearing  compartment  rig.  The  outer  walls  are  made  from  fiat  or  single- 
curved  sheet  metal  parts  to  avoid  expensive  forming  operations.  The  tank  was  sized  for  maximum 
volume  within  the  confines  of  the  rig  walls  resulting  in  a fill  capacity  of  2.75  gallons  which  is  0.25 
gallon  less  than  the  F100-PW-100  tank.  Bosses  are  provided  for  No.  2-3  scavenge  oil  inlet.  No.  1,4, 
and  5 scavenge  oil  inlet,  main  oil  out,  tank  drain,  breather  port,  and  a dipstick  hole.  As  on  the 
oil  pump,  provisions  were  made  for  attaching  test  facility  plumbing  during  the  component  test 
even  though  the  threaded  holes  were  not  used  during  the  system  tests. 

The  tank  is  mounted  top  and  bottom  to  the  same  rig  flange  as  the  pump.  Most  of  the  flange 
was  cut  away  to  provide  clearance  for  the  oil  tank  outer  wall.  Another  support  is  provided  at  a 
location  20  degrees  above  the  horizontal  at  the  forward  wall  of  the  tank. 

Oil  from  the  No.  2-3  scavenge  pump  and  from  the  simulated  No.  1,  4,  and  5 bearing 
compartments  enters  the  tank  through  two  separate  ports  and  combines  in  an  in  ernal  tee.  The 
oil  flows  through  a 1-inch  diameter  tube  to  the  deaerator.  This  tube  has  10  holes  in  the  side  which 
have  been  proven  experimentally  to  significantly  improve  deaeration  of  the  oil  and  are  included 
in  the  FlOO-PW-lOO  Bill-of-Material  oil  tank.  The  can  type  deaerator  is  the  same  configuration 
as  the  latest  F100-PW-100  tank  and  is  in  the  same  position  relative  to  the  full  oil  level  as  in  the 
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No.  1,  '*,  ant!  5 Compartment 

Scavenge  Oil  Return  to  Tank 


s — No.  2/3  Compartment 
Scavenge  Oil  Return  to  Tank 
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Figure  19.  Compart  mental  Lubrication  System  Oil  Tank 


Bill-of-Material  tank.  The  air  and  oil  mixture  is  fed  into  the  cylindrical  deaerator  tangentially  at 
the  top.  As  the  mixture  circulates  in  the  cylinder,  centrifugal  force  separates  the  lighter  air  from 
the  oil.  The  air  is  fed  out  the  top  of  the  deaerator  to  the  breather  system  while  the  oil  drops  to  the 
bottom  of  the  tank. 

The  tank  has  a modified  AN-type  connector  for  connecting  the  main  supply  pump 
plumbing,  and  a drain  boss  is  provided  to  drain  the  tank  while  it  is  installed  in  the  rig.  A dipstick, 
calibrated  after  tank  fabrication  was  completed  to  allow  for  tolerances  on  the  sheet  metal  walls, 
was  provided  to  check  the  tank  oil  level.  The  dipstick  was  not  left  in  the  tank  during  operation 
but  was  inserted  by  the  test  operator  through  a port  in  the  rig  outer  case. 

(3;  System  Teat  Rig 

The  system  tests  were  conducted  utilizing  the  F100-PW-100  No.  2-3  bearing  compartment 
rig  (No.  F34024)  as  the  test  vehicle.  Arrangement  of  the  pumps,  drive  train,  and  tank  within  the 
rig  is  shown  in  Figure  18.  This  rig  was  designed  to  test  a Bill-of-Material  No.  2-3  compartment 
and  towershaft  at  conditions  simulating  a typical  fighter  mission.  The  environment  was  matched 
to  flight  conditions  by  controlling  the  air  pressure  and  temperature  around  the  compartment  as 
well  as  the  oil  supply  temperature  and  rig  speed.  The  thrust  loads  on  the  No.  2 and  3 bearings 
were  controlled  by  thrust  balance  pistons  at  the  front  and  rear  of  the  compartment.  Both  the  high 
and  low  rotors  were  driven  off  a single  coaxial  gearbox  mounted  on  the  rig. 

This  rig  was  modified  for  the  Compartmental  Lubrication  System  Tests  to  accommodate  an 
internal  oil  tank,  supply  and  scavenge  pumps,  and  a gear  train  to  drive  the  pumps.  The  front 
bearing  support  was  redesigned  to  accommodate  the  oil  tank.  The  No.  2-3  cross  over  support  was 
redesigned  to  accommodate  the  pump  and  to  allow  space  for  the  pump  drive  system.  The  front 
support  ring  was  partially  removed  to  provide  for  oil  tank  volume.  The  remaining  portion  of  the 
ring  was  found  to  be  sufficient  to  mount  the  oil  pump  package  and  drive  system.  A ring  was 
designed  for  the  front  ring  flange  to  mount  the  tank  and  front  support.  Access  holes  were  provided 
through  the  rig  for  oil  fill  and  level  indications  in  the  internal  tank.  The  tests  were  conducted 
without  a gearbox.  The  only  towershaft  power  extraction  was  for  the  pump  drive  system. 

A flow  schematic  for  the  system  test  rig  is  presented  in  Figure  20.  Oil  from  the  tank  supply 
port  was  routed  to  the  high-speed  pump  inlet  through  an  internal  rig  line.  Pump  discharge  flow 
was  fed  out  of  the  rig  and  through  a magnetic  chip  detector  and  70  micron  filter.  A flow  bypass 
valve  in  the  pump  provided  for  pressure  relief  above  175  psid.  Downstream  of  the  filter,  the  oil 
was  routed  through  a flowmeter  and  then  through  a stand  mounted  shell  and  tube  heat  exchanger 
which  was  used  to  control  the  temperature  of  the  oil  supplied  to  the  rig. 

Approximately  half  of  the  oil  was  supplied  to  the  rig  oil  jets.  The  remainder  was  bypassed 
and  sent  to  the  No.  1,  4,  and  5 compartment  oil  tank  inlet  after  having  air  simulating  No.  1,  4, 
and  5 compartment  labyrinth  seal  air  leakage  mixed  with  the  oil.  Oil  fed  to  the 
No.  2-3  compartment  jets  was  gravity  drained  to  the  bottom  of  the  compartment  after  cooling  and 
lubricating  the  bearings,  seals,  and  gears.  The  scavenge  element  pumped  oil  from  the  bottom  of 
the  compartment  and  transported  it  to  the  oil  tank  where  it  was  combined  with  No.  1,  4,  and  5 
compartment  flow  in  an  internal  tee  before  entering  the  tank  deaerator.  After  being  deaerated, 
the  oil  dropped  to  the  bottom  of  the  tank  where  it  was  again  supplied  to  the  system.  Air  separated 
from  the. oil  was  vented  out  the  top  of  the  rig  to  a stand-mounted  breather  tank.  Because  this  rig 
did  not  have  a deoiler  and  breather  valve  system,  any  oil  mist  that  settled  to  the  bottom  of  the 
breather  tank  was  returned  to  the  oil  tank  by  a stand-mounted  low  capacity  pump.  The  test  stand 
also  had  an  ejector  system  which  reduced  breather  pressure  to  simulate  altitude  operating 
conditions. 
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c.  Design  Criteria 
( 1 ) System  Pressure* 

Maximum  and  minimum  allowable  design  values  for  oil  supply  pressure  and  breather 
pressure  are  presented  in  Table  17.  During  the  system  tests,  supply  oil  pressures  were  allowed  to 
fall  out  based  on  preset  oil  flowrates  but  did  not  exceed  the  limits  shown. 

TABLE  17 

SYSTEM  OIL  SUPPLY  AND  BREATHER  PRESSURE 


Maximum  Minimum 

Oil  Pump  Pressure  Rise  (psid)  195  40 

No.  2-3  Oil  Supply  Relative  to  80  10 

Breather  (paid) 

Breather  Pressure  (psia)  30  3 

Breather  pressures  and  rig  environmental  pressures  which  were  set  for  the  system  tests  are 
given  in  Figure  21. 

(2)  011  Flow  raft 

Oil  jets  for  the  bearings  were  sized  to  provide  lubrication  and  cooling  and  thus  maintain 
bearing  clearance.  A design  criterion  of  100°F  differential  between  oil  supply  and  race 
temperature  was  used.  Seal  oil  flows  were  sized  to  maintain  acceptable  seal  temperatures  while 
limiting  mechanical  churning  heat  generation.  All  gears  were  mist  lubricated.  Overall 
compartment  temperature  rise  was  limited  to  100°F.  A summary  of  oil  flow  to  each  component 
jet  at  sea  level  intermediate  power  conditions  is  given  in  Table  18.  Total  compartment  oil  flows 
for  the  test  mission  points  are  given  in  Figure  21.  Individual  jet  flows  for  the  mission  points  are 
in  proportion  to  the  sea  level  intermediate  values.  Oil  type  used  for  the  test  was  MIL-L-7808G. 

TABLE  18 

SYSTEM  RIG  OIL  JET  FLOWS 
AT  SEA  LEVEL  INTERMEDIATE  POWER 


Jet  Location 

No.  2 Front  Seal  Plate 

No.  2 Bearing  and  Rear  Seal  Plate 

No.  3 Front  Seal  Plate 

No.  3 Bearing  and  Rear  Seal  Plate 

Upper  Towershaft  Ball  Bearing 

Lower  Towershaft  Ball  Bearing 

Upper  Idler  Gear  Ball  Bearing 

Lower  Idler  Gear  Ball  Bearing 


No.  of 
Jets 
1 
1 
3 
3 
1 
1 
1 
1 


Flow  Per  Jet 
(PPm) 

4.5  to  6.0 

16.0  to  19.0 
2.0  to  3.0 

11.0  to  13.0 
0.5  to  1.5 
0.5  to  1.5 
0.5  to  1.5 
0.5  to  1.5 


Totals  61.5  to  79.0 


An  internal  manifold  was  designed  to  provide  adequate  cooling  for  the  oil  pump  high-speed 
gear  train  bearings.  The  manifold,  tapped  into  the  main  bearing  supply  jet.  distributed  oil  to  each 
idler  shaft  bearing  and  to  the  lower  towershaft  bearing.  The  upper  towershaft  bearing  was 
lubricated  by  existing  oil  jets  in  the  No.  2 bearing  support.  The  minimum  allowable  jet  size  was 
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. System  Test  Conditions 


set  at  0.035-in.  diameter  to  prevent  particulates  from  blocking  the  jets.  This  required  that  an 
orifice  be  provided  at  the  inlet  to  the  manifold  to  reduce  the  pressure  drop  across  each  of  the  three 
supply  jets.  The  oil  was  directed  on  the  bearings  in  the  direction  each  bearing  is  pumping  oil  (a 
thrust-loaded  bearing  pumps  air  and  oil  in  the  direction  of  thrust  on  the  outer  race). 

1 

(3)  Deaeration  Requlremanta 


I! 


During  the  preliminary  design  phase,  an  analysis  was  conducted  in  which  labyrinth  seals 
were  used  in  the  No.  1,  4,  and  5 compartments  in  conjunction  with  scavenge  pumps  sized  to 
minimize  air  leakage  and  to  prevent  compartmental  oil  loss  during  engine  deceleration.  The 
analysis  indicated  that  this  scavenge  breather  system  was  practical  from  both  an  air  leakage  and 
an  oil  retention  standpoint.  Seal  leakages,  which  were  oil  tank  deaerated,  were  over  three  times 
that  of  conventional  engines,  but  component  bench  tests  conducted  during  Phase  III,  Task  II 
have  demonstrated  the  capability  to  deaerate  this  quantity  of  air  with  the  can  deaerator  tank. 
No.  1,  4,  and  5 compartment  air  flowrates  which  were  deaerated  in  the  system  rig  at  the  mission 
test  points  are  tabulated  on  Figure  21.  The  values  shown  on  Figure  21  reflect  the  use  of  labyrinth 
seals  in  the  No.  1,  4,  and  5 compartments. 


(4)  Rig  Speed 

Maximum  design  rig  speeds  are  13,900  rpm  for  the  high  rotor,  10,008  rpm  for  the  low  rotor, 
26,702  rpm  for  the  towershaft,  and  10,000  rpm  for  the  oil  pump.  Main  shaft  and  towershaft  speeds 
were  selected  to  correspond  with  the  F100-PW-100  engine  values.  High  and  low  rotor  speeds  for 
mission  points  are  tabulated  in  Figure  21.  The  rig  coaxial  gearbox  drives  both  main  shafts  at  a 
fix’d  gear  ratio.  The  low  rotor  speeds  were  obtained  by  setting  high  rotor  speed  and  applying  a 
fixed  gear  ratio.  A trip  signal  is  provided  on  the  drive  to  limit  rig  overspeed  on  the  high-pressure 
rotor  to  i4,000  rpm. 

(5)  Temperature* 

Oil  scavenge  temperatures  were  maintained  below  300°F  for  all  mission  points.  Maximum 
oil  supply  temperature  was  251  °F.  Environmental  air  temperature  was  a maximum  of  429°F  in 
the  front  cavity  and  588°F  in  the  rear  cavity.  These  temperatures  correspond  to  the  F100-PW-100 
values  at  the  selected  mission  points.  Oil  and  air  temperatures  for  each  mission  point  are 
tabulated  in  Figure  21. 

(6)  Structural  Limitation* 

Short  time  allowable  material  stress  limits  were  set  at: 

• Bending  Stress  — 1.  X 0.2  percent  Yield  at  temperature 

• Tensile  Stress  — 1.  X 0.2  percent  Yield  at  temperature 

• For  the  Oil  Tank: 

Buckling  Factor  of  Safety  S 4.0 
Bending  Stress  Factor  of  Safety  S 3.0 

No  creep  problems  because  the  maximum  temperature  was  300°F. 
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(7)  Drive  Gear  Alignment 


The  .JT9D  main  gearbox  gear  shapes  and  bearings  were  used  for  the  pump  drive  train 
because  they  provided  the  required  speed  ratio.  Consequently,  tolerances  on  bearing  fits  and 
location  of  bearing  housings  were  patterned  after  the  JT9D  main  gearbox.  Dowel  pins  or  pilot 
diameters  were  used  to  ensure  accurate  alignment  of  mating  parts.  Tolerances  were  stacked  for 
the  towershaft-to-idler  shaft  mesh  and  for  the  idler  shaft -to-pump  gear  mesh  and  then  input  into 
the  spur  gear  design  program  (PWA  Computer  Program  No.  5905)  to  determine  tooth  thickness 
reduction  requirements. 

Table  19  shows  the  tolerance  stack  for  the  towershaft-to-idler  and  idler-to-pump  meshes 
along  with  the  required  and  JT9D  tooth  thickness  reductions.  These  values  show  that  the  two 
drive  train  gear  meshes  could  accept  additional  tolerance  stack  without  danger  of  binding. 

TABLE  19 

DRIVE  TRAIN  TOLERANCES 

Required  Tooth  JT9D  Gear  Tooth 
Tolerance  Thickness  Thickness 

Stack-up  Reduction  Reduction 

Mesh (in.) (in.) (in.) 

Towershaft-to-Idler  ±0.0090  0.004  to  0.008  0.0055  to  0.0095 

Idler-to-Pump  ±0.0138  0.007  to  0.011  0.0075  to  0.0115 

(8)  Geer  Pump  Tip  Speed  Limitation a 

Gear  tip  speeds  were  maintained  below  30  ft/sec  to  prevent  a reduction  of  the  static  oil 
pressure  below  the  vapor  pressure  of  the  oil  which  would  cause  a cavitation  condition.  This 
criterion  is  based  on  previous  successful  operating  ranges  for  Pratt  & Whitney  Aircraft  oil  pumps. 
It  was  necessary  to  reduce  the  gear  diameter  and  change  the  number  of  teeth  and  gear  pitch, 
compared  to  conventional  pumps,  to  provide  the  required  capacity  without  exceeding  the  tip 
speed  limit  for  a 10,000  rpm  speed  operating  condition. 

d.  Design  Approach 

(1)  Utilization  ol  Existing  Hardware 

The  existing  F100-PW-100  No.  2-3  bearing  compartment  test  rig  (No.  F-34024)  was  chosen 
for  testing  the  Compartmental  Lubrication  System  critical  components  as  an  integrated  system 
under  engine  conditions.  This  choice  avoided  the  cost  of  an  all-new  rig.  A primary  design 
requirement  of  the  Critical  Component  Design  Task  (Phase  III,  Task  I)  was  to  make  the  pump 
and  tank  as  compatible  with  the  existing  rig  as  possible  to  minimize  rig  changes. 

The  system  selected  in  Phase  II  of  the  study  contract  was  based  on  an  engine  with  the 
gearbox  located  on  top  of  the  engine  to  provide  more  volume  for  an  integral  tank  at  the  bottom 
of  the  compartment.  However,  excessive  costs  required  to  modify  to  No.  2-3  compartment  test  rig 
for  inverted  operation  dictated  the  use  of  a self-contained  oil  tank  to  keep  oil  off  the  high-speed 
pump  drive  gears  driven  off  the  normal  towershaft  location  at  the  bottom  of  the  compartment. 

During  Task  I of  Phase  III,  preliminary  gear  drive  layouts  were  made  to  determine 
approximate  gear  diameters  required  to  ratio  the  speed  from  26.703  rpm  at  the  towershaft  gear  to 
10,000  rpm  at  the  pump.  These  initial  studies  utilized  the  pump  drive  gear  from  an  experimental 
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small  engine  (ST91  oil  pump.  New  idler  and  towershaft  gears  were  used.  The  pump  location  was 
based  on  these  preliminary  studies. 

When  Task  III  began,  a review  of  existing  Pratt  & Whitney  Aircraft  gearboxes  was 
conducted  to  find  a double-gear  idler  shaft  which  could  be  meshed  with  new  towershaft  and  pump 
gears  to  provide  the  proper  speed  reduction.  A set  of  three  gears  used  in  the  JT9D  gearbox  provide 
an  oil  pump  speed  of  10,158  rpm  at  a towershaft  speed  of  26,700  rpm.  Although  the  hub  of  the 
pump  and  towershaft  gears  were  not  compatible  with  the  pump  shaft  or  towershaft  gear,  it  was 
determined  to  be  less  expensive  to  reoperate  existing  gears  than  to  make  new  gears. 
Subsequently,  it  was  found  that  extra  production  gears  were  unavailable  from  the  JT9D  program, 
and  it  became  necessary  to  fabricate  new  gears.  However,  the  JT9D  gear  designs  were  utilized 
with  modifications  to  the  drive  shafts. 

(2)  Compatibility  With  Existing  Test  Facllltlaa 

The  full-scale  system  rig  was  designed  to  be  tested  in  the  Pratt  & Whitney  Aircraft, 
Government  Products  Division  component  test  facility  in  D-area.  Test  stand  modifications  were 
limited  to  plumbing,  instrumentation,  and  rig  drive  changes.  The  rig  mount  and  coaxial  drive 
gearbox  existed  from  previous  testing. 

This  test  facility  had  the  capability  of  setting  bearing  compartment  conditions  that 
simulate  typical  missions  on  advanced  aircraft  by  controlling  the  air  pressure  and  temperature 
around  the  compartment  as  well  as  the  oil  supply  temperature  and  rig  speed.  Environmental 
conditions  surrounding  the  compartment  could  be  varied  to  match  those  corresponding  to 
subsonic  and  supersonic  flight  points.  Simulated  altitudes  from  sea  level  to  60,000  feet  can  be  run 
for  the  full  range  of  speed  conditions.  The  thrust  loads  on  the  No.  2 and  3 bearings  were  controlled 
by  thrust  balance  pistons  at  the  front  and  rear  of  the  compartment.  The  stand  can  supply  up  to 
3 !b/sec  of  airflow  from  subambient  conditions  to  200  psia  at  air  temperatures  from  ambient  to 
1000°F.  Oil  flows  can  be  varied  and  controlled  up  to  200  Ib/min  with  temperatures  from  ambient 
to  400°F.  Rig  speed  can  be  varied  up  to  14,000  rpm. 

Control  room  instrumentation  consisted  of  gages  and  manometers  to  monitor  compartment 
pressures  and  air  flowrates.  Digital  thermocouple  temperature  readouts  allowed  monitoring 
through  multiposition  switches.  Temperatures  of  the  compartments,  bearings,  and  oil  were 
closely  monitored  on  digital  readouts.  Vibration  levels  of  rig  and  gearbox  were  displayed 
continuously  on  meters.  Digital  readouts  were  used  for  monitoring  oil  flowrates,  rig  speed,  and 
pump  speed.  Standard  sharp  edged,  calibrated  orifices  were  used  for  air  flow  measuring.  Selected 
bearing  outer  race  temperatures,  rig  internal  vibrations,  pressures,  and  speed  were  recorded  on 
o-graph  for  continuous  monitoring  while  on  endurance  running.  Stand  data  were  taken  at  regular 
intervals  to  provide  for  adequate  data  reduction. 

(3)  Dealgn  Conatralnta 

The  only  constraint  placed  on  the  system  design  was  to  provide  oil  supply  for  an  F100- 
PW-100  sized  lubrication  system  while  locating  the  oil  supply  and  scavenge  pumps,  along  with 
the  oil  tank,  within  an  existing  F100-PW-100  bearing  compartment  rig.  This  required  running  the 
pump  at  high  speed  to  reduce  the  size  of  the  drive  gear  train  and  pump  volume.  It  also  required 
reducing  the  tank  volume  by  8 percent,  compared  with  the  F100-PW-100  tank.  Oil  type  used  for 
sizing  the  pump  was  MIL-L-7808G.  The  deaeration  system  was  required  to  deaerate  up  to 
200  lb/hr  of  air  to  simulate  leakage  from  the  No.  1,  4,  and  5 compartment  labyrinth  seals. 


•.  Oil  Pump  OMlgn 

(1)  Qaar  Salactlon  and  Tip  Spaad  Conal&»ratlona 

A gear  pump  was  selected  as  the  type  of  pump  to  be  used  for  the  Compartmental 
Lubrication  System.  Gear  pumps  are  used  for  pressure  and  scavenge  systems  on  most  Pratt  & 
Whitney  Aircraft  engines.  Our  experience  with  this  type  of  pump  allowed  us  to  design  with  a high 
degree  of  confidence  to  ensure  meeting  the  program  objective.  The  gear  size  selected  was  based 
upon  setting  the  tip  speed  about  equal  to  our  standard  7-tooth,  6-pitch  straight  spur  pump  gear. 
This  gear  runs  at  shaft  speeds  on  other  engines  from  2500  to  4000  rpm.  The  speed  selected  for  the 
Compartmental  Lubrication  System  pump  was  10,000  rpm  and  was  based  upon  the  desire  to 
increase  the  speed  to  the  maximum  allowable  and  to  reduce  the  size  of  the  pump  and  drive  gear 
train  to  fit  into  the  No.  2-3  compartment  rig.  Experience  with  a 10,000  rpm  pump  on  the  UTTAS 
engine  demonstrator  (ST9)  program  indicated  we  could  meet  the  50-hour  endurance  test  set  forth 
in  the  contract. 

The  final  gear  size  selected  for  the  high  speed  pump  was  a 9-tooth,  16-pitch  straight  spur 
gear.  The  displacement  of  this  gear  (0.1686  in.  ’/in.  of  face  width)  gave  a reasonable  face  width  for 
the  capacity  required  and  kept  the  tip  speed  approximately  equal  to  experience  levels.  Gear  tooth 
loading  was  an  insignificant  factor  in  selecting  this  size  gear  because  the  gear  tooth  stresses  are 
extremely  low.  Calculations  for  the  gear  tooth  stresses  are  presented  in  Appendix  K.  Design  safety 
factors  are  presented  in  Table  20. 

TABLE  20 

GEAR  TOOTH  DESIGN  MARGIN 

Design  Parameter Design  Safety  Factor 

Hertz  Stress  2.038 

Dynamic  Tooth  Loading  1.405 

(2)  Qaar  Langth  and  Laakaga  Calculations 

Required  gear  length  was  calculated  by  two  different  methods:  (1)  by  scaling  the  gear  teeth 
50  times  size  and  measuring  the  displacement  between  teeth,  then  applying  a volumetric 
efficiency;  (2)  by  scaling  the  measured  output  and  calculated  effective  leakage  area  of  a low 
capacity  experimental  pump  of  a similar  configuration  (ST9  pump  for  ITTTAS  demonstration) 
up  to  F100-PW-100  output  flow  requirements.  Excellent  agreement  was  obtained  by  the  two 
methods  of  calculation.  These  calculations  were  confirmed  by  measured  pump  capacity  values 
during  the  component  and  system  tests.  An  outline  of  the  procedures  follows: 

(a)  Pump  Capacity  Scaled  From  Layout 

a Required  supply  pump  capacity  is  F100-PW-I00  intermediate  power  flow  plus  a 15  percent 
over  capacity. 

Required  Supply  Flow  = 152.5  ppm  + 15  percent  over  capacity 
= 152.5  + 22.9  = 175.4  tb/min 

• Required  scavenge  capacity  is  two  times  the  F100-PW-100  No.  2-3  compartment  flow  at 
intermediate  power  to  allow  for  an  air-oil  mixture  (two  component  flow). 

Required  Scavenge  Capacity  = 2 X 88.6  = 177.2  ppm. 


• Figure  22  shows  the  mesh  between  the  two  9-tooth,  16-pitch,  28-degree  pressure  angle  straight 
spur  gears  for  the  high  speed  pump,  scaled  50  times  size.  The  cross-hatched  area  is  the  pump 
displacement  between  teeth.  Pumping  occurs  when  the  oil  is  displaced  between  the  pump 
gear  teeth  and  the  housing  sleeve  on  opposite  sides  of  the  pump,  180  degrees  from  the  gear 
mesh.  The  calculated  area  between  teeth  was  found  to  be  0.009867  in. '/tooth. 

• Under  the  conditions  of  9-teeth  per  gear  and  two  gears  pumping,  the  pump  displacement  |>er 
inch  of  gear  length  is  given  by: 

Displacement  = 0.009867  X 9 X 2 0.1686  in!/ rev- in.  of  length. 

• Given: 


Gear  Speed  * 10,000  rev/min 
Density  = 60  tb/ft* 

Therefore: 

Flow  = 0.1686  inVrev-in.  X 60  tb/ft J X 1 ft*/l 728  in!  X 10,000  rev/min 

= 58.64  Ib/min-in. 

For  a required  flow  of  175.4  tb/min  and  an  assumed  volumetric  efficiency  of  88  percent: 


Pressure  Pump  Face 
Width  Required 


175.4  tb/min 

(58.54  tb/min-in. H0.88) 


8.4100  in. 


This  gear  width  had  to  be  split  in  half  to  provide  acceptable  journal  bearing  lengths. 

• Scavenge  pump  volumetric  efficiency  was  considered  to  be  close  to  100  percent  due  to  low 
pressure  rise  across  this  pump  and  consequent  low  leakages.  At  a required  flow  of  (21(88.6)  = 
177.2  tb/min: 


Scavenge  Pump  Face  Width 


177.2  tb/min 
58.54  tb/min-in. 


3.027  in. 


(b)  Pump  Size  Scaled  From  Low  Capacity  ST9  Pump 

Because  test  data  was  available  from  the  ST9  pump  which  had  a nonconvent ional  gear 
configuration  (9-tooth,  16-pitch),  like  the  Compartmental  Lubrication  System  pump,  it  was 
decided  that  a good  check  on  the  pump  size  could  be  obtained  by  scaling  the  ST9  pump  up  to  the 
required  F100-PW-100  oil  flows. 

Running  clearances  were  calculated  taking  into  account  thermal  growths  at  300°F  using 
minimum,  maximum,  and  nominal  dimensions.  Where  actual  ST9  pump  measurements  were 
available;  however,  these  values  were  used  to  calculate  leakage  areas  because  they  corresponded 
closely  with  the  maximum  tolerances  and  could  also  be  correlated  with  the  pump  data. 

ST9  oil  flow  data  was  corrected  for  density  differences  between  the  MIL-L-23699  oil  used  for 
the  small  pump  tests  and  the  MIL-L-7808  oil  used  for  the  Compartmental  Lubrication  System 
teata. 


Three  leakage  paths  were  identified  for  the  pump:  (1)  past  the  end  plates,  (2)  through  the 
clearance  between  the  gear  teeth  and  the  liner,  and  (3)  between  the  housing  and  liner. 
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1 he  SP9  pump  leakage  was  calculated  aM  the  difference  in  output  flow  at  0 paid  and  at 
150  (laid 

hnd  plate  leakage  for  the  new  pump  was  assumed  to  he  the  same  as  that  of  the  ST9  pump 
while  gear  tooth  and  housing  to  liner  leakages  were  evaluated  as  a function  of  Rear  length. 

Pressure  loss  constants  were  calculated  for  each  leakage  path  The  end  plates  were  treated 
as  orifices.  I he  gear  t<x>th  leakage  path  was  treated  as  three  orifices  in  series  because  three  teeth 
can  be  in  contact  with  the  liner  at  a given  time.  The  housing  to  liner  How  path  was  treated  as  an 
inlet  and  exit  loss  plus  a frictional  loss,  plus  a loss  due  to  the  leakage  path  length 

An  equation  was  formulated  with  the  required  output  flow  equal  to  the  no-leakage  pump 
capacity  as  a function  of  length  minus  the  shell-to- housing  leakage  as  a function  of  length  minus 
the  end  plate  leakage.  I his  equation  was  then  solved  for  required  pump  element  length. 

leakage  for  the  scavenge  pump  was  assumed  to  be  negligible  because  the  pressure 
differential  across  the  pump  is  small  Pump  length  was  then  calculated  as  the  required  flow 
divided  by  the  flow  capacity  per  inch  of  pump  element. 

Pump  element  length  was  calculated  to  be  3.35  in.  for  the  supply  pump  and  3.03  in.  for  the 
scavenge  pump.  Detailed  calculations  are  presented  in  Appendix  K. 

(3)  Shift  Sill  Salactlon 

It  was  determined  in  the  early  stages  of  the  pump  design  effort  to  use  seals  on  the  pressure 
pump  shafts  to  eliminate  a leakage  path  through  the  shaft  journals.  This  proved  to  be  an 
economical  means  to  improve  the  volumetric  efficiency  on  the  pressure  pump.  A teflon  type 
spring  loaded  radial  shaft  seal  marketed  by  the  Flurocarbon  Company,  Mechanical  Seal  Division 
under  the  trade  name  Tec-Ring,  was  selected  for  this  application. 

(4)  Journal  Baarlng  Loading  and  Slilng 

The  approach  used  in  sizing  the  high-speed  bearing  journals  was  to  design  to  the  same  unit 
loading  as  the  FlOO-PW-lOO  pump  journals  while  maintaining  other  design  criteria  of  minimum 
Sommerfeld  Number  and  maximum  journal  length-to-diameter  ratio  based  on  Pratt  & Whitney 
Aircraft  engine  oil  pump  experience.  The  F100-PW-100  uses  carbon  insert  journals  similar  to  the 
Compartmental  Lubrication  System  pump.  Because  the  F100-PW-100  pump  journals  have  a 
design  life  of  6000  hours  and  have  been  trouble-free  in  production  engines,  it  was  concluded  that 
this  approach  would  provide  for  a safe  design.  Supply  and  scavenge  pump  journal  lengths  are 

I presented  in  Table  21. 

TABLE  21 

REQUIRED  JOURNAL  LENGTH 

Pump Journal  Length  Per  Element  End  - in. 

Supply  0.491 

Scavenge  0.250 

A procedure  has  been  developed  at  Pratt  & Whitney  Aircraft  for  calculating  resultant 
bearing  loads  taking  into  account  the  variation  in  pressure  around  the  pump.  Using  this 
procedure,  the  unit  load  on  the  F100-PW-100  journals  was  found  to  be  443.9  tb/in!  The  derivation 
of  this  analysis  and  the  detail  calculations  of  these  results  are  shown  in  Appendix  K. 
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(a)  Pressure  Pump  Journal  Siza 


The  Compartmental  Lubrication  System  pressure  pump  journal  length  for  a unit  load  of 
443.9  tb/in.’  was  then  calculated: 


Pu mp  ['ammeters 

Horsepower  - 2.0  per  each  of  two  pressure  pumps 

Nominal  Flowrate  - 150  tb/min 

Density  » 59  tb/ft’ 

Pump  Speed  - 10,000  rpm 

Gear  Face  Width  (Wr)  - 1.675  in. 

Pump  Rise  * 150  tb/in? 

63,000  X 2 HP  „ 

Torque  - * ^ - 12.6  in.  tb 

10,000  rpm 

Gear  Pitch  Radius  (R)  - 0.281  in. 

Gear  Outer  Radius  (r)  - 0.340  in. 

Pressure  Angle  (0)  = 28  deg. 

Rased  on  the  derivations  given  in  Appendix  K: 

• The  hydraulic  load  in  the  X-direction  (toward  the  pump  inlet)  is  given  by: 

Fhx  - 1.636  (Wr)  (7)  (Pm„) 

- 1.636  X 1.675  X 0.340  X 150  - 139.75  tb 

• One-half  of  the  torque  is  transmitted  to  the  driven  gear  and  one-half  absorbed 
by  the  driver  gear.  The  tangential  load  due  to  torque  is  given  by: 


* u 

1 0.281 

- 22.42  tb 

• The  gear  teeth  separating  load  is  the  only  y component  load  and  is  given  by: 

F,  - F,  - F,  tan  8 

- 22.42  tan  28  deg 

- 11.92  tb 

• The  idler  gear  absorbs  the  major  load  because  the  hydraulic  and  tangential 
loads  are  in  the  same  direction.  The  resultant  X component  load  on  the  idler 
is  given  by: 

Fix  “ Fax  + Fi 

- 139.75  + 22.42 

- 162.17  tb 


L 
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• The  resultant  idler  load  ta  then  given  by: 

F,  - V K'  ♦ F„* 

- V (162.17P  + (11.921* 

- 162.60  lb 

• The  load  on  each  of  the  two  journal*  i»  given  by: 

Journal  Load  * - 81.30  lb 

• The  unit  pressure  load  on  the  journal  i*  the  journal  load  divided  by  the 
projected  journal  area: 

unit  preaaure  load  ^)urna|  dial  (journal  length) 

I'sing  the  unit  pressure  load  calculated  for  the  F100-PW  100  pump: 

0 81.30 

4439  “ (0.373KL) 

Journal  length  (L)  - 0.491  in. 


(b)  Sc*vng*  Pump  Journal  Sizu 

The  required  journal  length  for  the  scavenge  pump  was  calculated  using  the  same  procedure 
as  for  the  preaaure  pump.  A*  shown  in  Appendix  K the  required  length  was  only  0.079  inches  A 
journal  length  of  0.250  inches  was  selected  based  on  experience  from  Pratt  & Whitney  Aircraft 
designed  scavenge  pumps. 

(c)  Ottfr  D—ipn  ConaJdwatfoni 

Pratt  & Whitney  Aircraft  practice  is  to  provide  a minimum  Sommerfeld  No.  for  an  oil  pump 
journal  bearing  of  5 x 10  '.  This  is  based  on  studies  of  JT3  and  J’l'H  oil  pumps  The  Sommerfeld 
No  is  defined  as: 


where:  n 

» viscosity  of  oil,  tbrsec/in’ 

N 

- shaft  speed,  rev/sec 

P 

» Projected  pressure,  psi 

R 

- Journal  radius,  in. 

C 

- Diametral  clearance,  in. 

For  the  high  speed  pump  journals,  the  Sommerfeld  No.  is  well  above  this  criteria 
(2  91  x 10  ’ lb,  sec/inM  ( 10,000  rev/min)  (1/60  min/aec)  / 0.1865  in\  • 


It  is  also  design  practice,  based  on  a number  of  pump  designs,  to  maintain  a journal 
length/diameter  of  less  than  1.50.  If  a bearing  is  excessively  long,  the  bending  of  the  shaft  in  the 
journal  may  cause  journal-bearing  contact  at  the  bearing  ends.  As  shown  below,  the  high  speed 
pump  meets  this  criteria. 

( -k)  = , ,30 

V D / supply  0.373 
journals 


( _L\  = 0,250 

\ D / scavenge  0.373 
journals 


0.67 


(5)  Housing  Doslgn 

The  pressure  pump  and  scavenge  pump  were  stacked  in  series  and  packaged  into  a single 
pump  housing  assembly.  One  element  of  the  pressure  pump  was  driven  directly  off  a drive  gear, 
and  the  other  element  and  the  scavenge  pump  was  driven  through  quill  shafts  from  the  first  pump 
element.  The  housing  assembly  was  made  up  of  a center  housing  for  the  gears  and  bearings  and 
a pressure  relief  valve  plus  two  side  housings  which  are  manifolds  for  the  oil  in  and  oil  out. 
Because  only  two  sets  of  pump  housings  were  purchased  for  this  project,  it  was  decided  to 
machine  the  housings  from  plate  stock  rather  than  to  design  and  purchase  cast  housings.  A cast 
housing  could  be  designed  to  reduce  weight  and  size  as  well  as  complexity  but  was  not  warranted 
for  this  program. 

The  housing  stress  is  very  low.  The  maximum  stress  within  the  housing  is  the  flat  plate 
stress  on  the  discharge  manifold  due  to  150  paid  AP  across  the  wall.  The  stress  margin  of  safety 
at  this  location  is  5.94  as  shown  in  Appendix  K.  The  pump  housing  mount  lugs  that  attach  to  a 
ring  in  the  rig  are  lightly  loaded  which  results  in  minimal  stresses.  The  mount  lugs  were  designed 
for  stiffness  to  ensure  proper  alignment  of  the  pump  drive  gear  to  the  drive  mesh. 

The  criteria  used  for  sizing  the  inlet  and  exit  manifolds  are  based  on  P&WA  experience 
factors  to  ensure  smooth  steady  oil  flow  within  the  pump  system.  The  inlet  line  was  sized  for  a 
flow  of  5 ft/sec  while  the  exit  line  was  sized  for  a flow  of  15  ft/sec.  Calculations  are  shown  in 
Appendix  K. 

(6)  Material  Selection 

A high  durability  pump  was  the  prime  consideration  in  selecting  material  for  the  high-speed 
pump.  The  gears  are  made  of  AMS  6470  and  the  gear  teeth  and  shafts  are  nitrided  to  a DPH 
hardness  850  minimum  to  ensure  good  surface  wear.  The  journal  bearings  are  constructed  of 
graphitic  carbon  sleeves  pressed  into  housings.  Press-fit  stress  calculations  are  shown  in 
Appendix  K.  This  type  of  carbon  bushing  has  been  demonstrated  in  P&WA  engines  to  be  a 
simple,  durable-type  journal  capable  of  long  life  in  oil  supply  and  scavenge  pump  environments. 
No  special  pressure  grooves  are  required  within  the  bearing  journal  to  maintain  an  oil  film  for 
lubrication. 

The  pump  housing  and  bearing  housing  are  made  of  AMS  4117  aluminum  alloy.  This 
material  was  selected  primarily  for  the  ease  of  machinabilitv  and  good  strength  characteristics. 

The  quill  shafts  used  to  transmit  torque  through  the  pump  stages  and  to  the  scavenge  pump 
are  made  of  AMS  6488  tool  steel.  The  teeth  are  nitrided  to  a case  hardness  of  DPH  850  minimum 
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to  ensure  long  wear  life  Torque  capacity  a>  well  a>  tooth  hearing  and  shear  stress  calculations  tor 
the  quill  shaft  are  given  in  Api>cndix  K 


(7)  Bypat » Valve  Daalgn 

Because  the  oil  flow  aiui  pressure  requirements  tor  the  high  s|x*ed  pump  are  identical  to 
those  of  the  KHIOl’W  100  engine,  the  FlOO-PW-lOO  bypass  valve  was  selected  for  the 
Compart mental  Lubrication  System  pump  The  internal  components  of  the  KltX>  l’W  100  valve 
were  used  and  fitted  into  the  high  speed  pump  housing  The  valve  is  a spring  loaded,  movable 
seat  configuration  that  seals  on  a fixed  valve  The  valve  assembly  is  adjusted  to  bypass  oil  from 
the  pump  discharge  back  to  the  pump  inlet  at  pump  pressure  differentials  alvove  175  psid  This 
is  to  protect  the  housing  from  excessive  pressure  during  cold  oil  starts  or  downstream  blockage 

I.  011  Tank  Design 

(1)  Deaerator  Design 

A comprehensive  test  program  was  conducted  at  Pratt  & Whitney  Aircraft  in  1074  to 
evaluate  twelve  different  oil  tank  deaeration  schemes  for  possible  incorporation  in  the 
F100  PW-100  oil  tank  A windowed  tank  was  used  to  allow  visual  observation  of  the  deaeration 
phenomena  The  visual  differences  in  deaeration  qualities  among  the  various  schemes  were  so 
apparent  that  no  analytical  evaluation  method  was  required.  The  selected  scheme  has  been 
included  as  Hill  of  Material  on  the  FlOO-PW- 100 engine  since  November  1975  as  P/N  4044275  and 
was  selected  for  the  Compart  mental  Lubrication  System  tank. 

The  deaerator  body  is  a cylindrical  can  type  configuration.  The  air  oil  mixture  enters  the 
cylinder  tangentially  at  the  top  and  at  an  angle  with  the  cylinder  centerline  so  as  to  centrifuge  the 
oil  around  the  ID  of  the  deaerator  and  direct  it  toward  the  bottom  to  prevent  splash  out  at  the  top. 
The  bottom  of  the  cylinder  is  covered,  and  four  slots  1 ; in.  by  2 in.  art-  provided  on  the  side  of  the 
deaerator,  near  the  bottom  to  allow  the  deaerated  oil  to  How  to  the  bottom  of  the  tank.  The  air 
exits  through  a curved  pipe  at  the  top  of  the  deaerator.  The  1974  testing  also  disclosed  that 
'«  in  holes,  drilled  in  the  entry  tube,  discharged  mostly  air  and  reduced  the  violence  of  the 
discharge  into  the  deaerator  Ten  holes,  similar  to  the  F100-PW-100  design,  are  included  in  the 
entry  tube  to  the  Compart  mental  Lubrication  System  deaerator.  The  air/oil  mixture  enters  a 
circular  to  rectangular  transition  as  it  is  fed  into  the  deaerator  to  flatten  the  flow  and  provide  for 
a better  distribution  of  the  flow  within  the  cylinder.  The  deaerator  is  mounted  at  the  same  level 
relative  to  the  full  oil  level  as  in  the  F 100- PW-100  but  at  a slightly  more  inclined  position  from 
vertical  because  of  the  shape  of  the  tank 

The  F100- PW-100  deaerator  separates  approximately  60  tb'hr  of  air  while  the  rig  deaerator 
had  to  separate  200  IH/hr  of  air  due  to  the  labyrinth  seals  used  in  place  of  the  carbon  seals  in  the 
No.  1.  4.  and  5 bearing  compartments.  Component  bench  tests  have  demonstrated  the  capability 
of  this  deaerator  to  handle  the  required  air/oil  flows. 

(2)  Tank  Capacity  Calculation* 

The  oil  tank  capacity,  calculated  as  shown  on  Figure  29,  was  found  to  be  2. 76  gallons.  The 
full  level  was  determined  by  the  placement  of  the  deaerator  in  the  tank  and  the  requirement  to 
have  the  full  level  at  the  same  location  relative  to  the  deaerator  as  in  the  F100- PW-100  oil  tank 
in  order  to  maintain  deaeration  conditions  as  close  as  possible  to  the  FlOO-PW-lOO  tank. 
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A dipetick  was  provided  with  the  tank  to  measure  oil  levels.  This  dipstick  was  calibrated 
during  the  component  bench  tests  by  adding  oil,  one  quart  at  a time,  and  marked  using  the  noted 
location  of  the  wetted  indication  on  the  dipstick.  This  procedure  revealed  the  actual  2.75  gal  level 
to  be  0.4  in.  above  the  calculated  level  of  Figure  23. 

(3)  Internal  Plumbing 

Oil  from  the  scavenge  pump  flows  into  a tee  inside  the  oil  tank,  through  a short  jumper  tube, 
and  mixes  with  No.  1,  4,  and  5 compartment  oil  entering  another  leg  of  the  tee.  The  oil  then  flows 
through  a 7-in.  long  tube  to  the  deaerator  inlet.  This  is  the  tube  with  holes  mentioned  previously 
in  describing  the  deaerator  design 

A 1-inch  diameter  tube  is  welded  from  the  outer  wall  to  the  inner  wall  of  the  tank  to  provide 
a passageway  for  an  oil-in  tube  which  supplies  oil  to  the  engine  bearings.  Another  1-inch  diameter 
tube  is  the  guide  for  the  dipstick. 

A boas  is  provided  at  the  bottom  of  the  tank  for  draining  the  oil,  and  a port  at  the  top  of  the 
tank  allows  the  air  separated  from  the  oil  to  escape.  This  top  port  also  allows  the  pressure  in  the 
tank  to  be  reduced  with  a stand  mounted  ejector  to  simulate  various  altitude  flight  conditions  for 
the  system  tests  and  to  check  the  pump's  suction  capabilities  during  bench  tests.  All  external 
fittings  were  provided  with  threaded  holes  to  attach  fittings  for  the  component  bench  tests. 
During  the  system  test,  the  fittings  were  attached  to  the  rig  outer  case  and  plugged  into  the  tank 
plumbing  with  piloted  O-rings. 

(4)  mounting  Flange  Analytic 

The  oil  tank  was  supported  at  three  locations  by  brackets  welded  to  the  outer  surfaces  of  the 
tank  Stress  calculations  are  included  in  Appendix  L and  are  summarized  in  Table  22.  Stresses 
were  calculated  for  a lOg  load  in  the  axial  direction. 

Each  of  the  brackets  are  fully  supported  by  either  a mount  ring  which  is  part  of  the  rig  outer 
case  (Flange  A)  or  by  the  No.  2 bearing  and  seal  support  flange.  This  reinforcement  limits  the 
deflection  and  hence  the  stress  in  the  mount  brackets  and  the  walls  to  which  thev  are  welded. 


TABLE  22 

OIL  TANK  MOUNTING  FLANGE  STRESS  CALCU- 
LATIONS 


Region 

Calculated 

Stress 

Allowable 

Safety 

Factor 

Bracket  A 

12  kai 

94.5  kai 

7.9 

Wall  A 

7.4  kai 

94.5  kai 

12.8 

Bracket  B 

8.5  kai 

94.5  kai 

11.1 

Wall  B 

72.7  kai 

94.5  kai 

1.3 
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(S)  Tank  Prattura  Capabllltlat 

The  tank  experienced  rt<>  pressure  differential  during  svstem  testing  la-cause  the  breather 
port  wa>  open  tothe  rest  of  the  rig  which  surrounds  the  tank  During  conqsinent  testing,  however, 
the  tank  interna!  pressure  was  reduced  to  2 |»sia  or  a pressure  differential  of  12.7  psid  The  large 
outer  surface  of  the  tank  was  subject  to  external  ambient  pressure  and,  thus,  the  possibility  ot 
buckling  existed  In  addition,  the  large  conical  surfaces  at  the  front  and  rear  inner  surfaces  were 
subjected  to  large  loads  resulting  in  signif'  ant  (tending  stresses 

Stress  calculations  are  shown  in  Appendix  T and  summarized  in  Table  2d.  A pressure 
differential  of  12  psid  was  utilized  in  the  calculations  Minimum  factors  of  safety  of  4 for  buckling 
and  I for  I tending  stress  were  established  Because  of  the  welded  box  structure  of  the  tank,  all 
surfaces  were  considered  to  be  complete  rings  A tank  wall  thickness  of  O.Odl  in  was  first 
considered,  but  this  resulted  in  a buckling  pressure  of  16.9  psid  and  an  unsatisfactory  factor  of 
safety  of  1.4  The  selected  wall  thickness  of  0.062  in  provided  a critical  buckling  pressure  of 
9ft. 4 pis  id  and  2 times  the  required  safety  factor. 

Impending  on  the  met  hid  of  support  considered  for  the  two  conical  surfaces,  the  stress  could 
be  as  high  i.a  20.040  psi  for  the  forward  cone  and  6,4tX)  p>i  for  the  rear  cone. 


TABLE  23 

OIL  TANK  STRESS  CALCULATIONS 


Critical  Duckling  Factor  of  Required  Factor 

Location I'ressurc  FSIl ) Safety ol  Safety Stress  I 'SI 

Outer  9ft  4 8.0  4.0  NA 

Surface 

Buckling 

Forward  NA  3.94  3.0  20,040 

Conical 

Surface 

Bending 

Stress 


Rear  Conical  NA  12.34  3.0  6.400 

Surface 

Bending 

Stress 


(9)  Tank  Allgnmant  and  C ompatibility  With  Syatam  Rig 

The  oil  tank  is  mounted  on  three  brackets  as  previously  described.  All  fittings  which  attach 
to  the  tank  were  sealed  with  either  piloted  O-rings  or  conical  gaskets.  Fittings  from  outside  the 
rig  plugged  into  the  tank  and  were  supported  by  the  rig  outer  case.  Clearance  between  the  fittings 
and  the  holes  in  the  rig  case  is  sufficient  to  accommodate  the  location  tolerance  between  the  tank 
and  the  rig  case.  The  large  l.ift-in.  diameter  tube  from  the  tank  to  the  pump  inlet  was  the  stiffest 
plumbing  component  and  had  to  be  installed  before  the  tank  was  secured  in  final  position.  A 
stress  of  17.6ftft  psi  in  the  tube  would  result  from  imposing  a deflection  equal  to  the  tolerance 
stackup  on  the  tube’s  installed  endpoints. 
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All  h.  notes  on  the  tank  were  designed  for  use  during  system  testing  as  outlined  above  and  had 
threaded  holes  provided  to  allow  attaching  external  plumbing  during  com|M>nent  testing  of  the 
pump  and  tank. 

The  tank  external  configuration  was  established  by  the  internal  configuration  of  the  existing 
No.  2-9  bearing  compartment  test  rig  and  the  three  gallon  capacity  requirement.  Due  to 
limitations  imposed  bv  the  rig  geometry  and  the  placement  of  the  deaerator,  the  resulting  tank 
capacity  was  calculated  to  be  2.78  gallons. 

(7)  Material  Selection 

The  oil  tank  was  made  from  AISI  -110  stainless  steel.  While  this  material  is  less  resistant  to 
corrosion  than  AISI  9(X)  series  stainless  steel,  its  greater  strength  was  required  due  to  the  buckling 
loads  imposed  by  the  reduced  pump  inlet  pressure  testing  performed  during  the  component 
bench  tests.  In  an  actual  engine  application,  this  buckling  prohlem  would  not  exist  because  the 
tank  breather  is  open  into  the  No.  2-9  bearing  compartment,  and  the  pressure  differential  would 
not  exist. 

g.  High-Speed  Drive  Treln  for  Oil  Pumps 

(1)  Qear  Denlgn 

The  gears  used  on  the  system  test  rig  were  based  on  gears  from  the  JT9D  main  gearbox.  The 
original  intent  was  to  use  the  JT9D  idler  shaft  without  modification  and  modify  the  two  adjacent 
gears  to  fit  the  shafts  in  the  system  test  rig.  This  procedure  would  have  eliminated  the  need  to 
have  special  gears  cut  and  would  have  required  only  new  hubs  to  be  cut  on  two  gears.  Production 
requirements  of  the  .IT9D  program  were  such,  however,  that  no  existing  gears  were  available  for 
this  program.  Consequently,  the  rig  gears,  based  on  .IT9D  gear  designs,  had  to  be  procured  by  a 
special  order. 

The  gear  teeth  were  checked  in  accordance  with  the  P&WA  design  procedures  for  spur  gears 
and  found  to  be  adequate  for  the  loads  transmitted  in  the  system  test  rig.  Calculations  are  shown 
in  Appendix  M.  Pratt  & Whitney  Aircraft  Computer  Program  No.  5905  lor  calculating  spur  gear 
tooth  thickness  reduction  was  run  with  the  gear-to-gear  tolerances  from  the  system  test  rig  input 
into  the  program.  This  program  calculated  a required  tooth  thickness  reduction  of  0.004  to 
0.008  in.  for  the  towershaft -to-idler  gear  mesh  and  0.007  to  0.011  in.  for  the  idler-to-pump  gear 
mesh.  The  actual  JT9D  gears  are  manufactured  with  tooth  thickness  reductions  of  0.0055  to 
0.0095  in.  and  0.0076  to  0.0115  in.,  respectively.  The  .IT9D  gears  thus  meet  structural  and 
geometry  criteria. 

(2)  Bearing  Selection 

Existing  Pratt  & Whitney  Aircraft  parts  were  selected  for  all  bearing  locations  in  the  oil 
pump  drive  gear  train.  The  idler  gear  was  supported  on  two  eonrad  ball  bearings.  These  bearings 
were  axially  loaded  with  a spring  washer  to  positively  locate  the  gear  shaft.  'Phis  also  provided 
proper  thrust  load  for  satisfactory  operation  with  the  very  light  radial  load  due  to  gear  reactions. 

The  towershaft  bevel  pinion  gear  shaft  in  the  rig  was  supported  by  two  hall  bearings.  In  an 
engine  application,  the  towershaft  pinion  would  be  supi>orted  by  one  ball  bearing  and  one  roller 
hearing  because  of  the  much  higher  gear  reaction  loads  resulting  from  the  high  gearbox  power 
extraction.  This  rig  application  results  in  such  low  gear  reaction  loads  that  an  internal  load  from 
a spring  washer  was  required  to  provide  sufficient  thrust  load  for  satisfactory  operation  of  the  ball 
hearings.  Spring  washer  calculations  are  given  in  Ap|>endix  M.  Hearing  parameters  are  shown  on 
Table  24. 
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TABLE  24 

PUMP  DRIVE  TRAIN  BEARINGS 


Position 

Bore  Diameter 
(mm) 

Speed 

(rpm) 

DN 

Idler  (2  locations) 

20 

17,307 

0.35  X 10* 

Towershaft  (upper) 

36 

26,703 

0.935  x 10* 

Towershaft  (lower) 

60 

26,703 

1.335  X 10* 

(3)  Support  Flung*  Structural  Analyala 

The  loads  transmitted  from  the  gear  train  to  the  support  structure  are  extremely  low.  The 
structural  analysis  given  in  Appendix  M shows  a design  safety  factor  of  16.9.  The  design 
philosophy  was  to  fit  the  gear  train  support  system  rigidly  in  the  existing  No.  2-3  compartment 
rig  and  position  the  gears  closely  for  smooth  power  transmission. 

(4)  011  Jot  Slzaa 

A manifold  was  tapped  off  the  oil  supply  line  to  provide  lubrication  for  the  idler  bearings 
and  the  lower  towershaft  bearing.  The  upper  towershaft  bearing  was  lubricated  by  existing 
No.  2-3  compartment  oil  jets.  The  oil  jets  were  sized  as  shown  in  Appendix  N.  Taking  the  full 
pressure  loss  across  single  jets  at  the  bearings  would  have  resulted  in  very  small  jets  which  could 
be  easily  blocked  by  contamination.  It  is  practice  at  Pratt  & Whitney  Aircraft  to  limit  minimum 
oil  jet  sizes  to  0.035  in.  This  was  accomplished  bf  providing  a flow  restriction  at  the  manifold  inlet 
to  reduce  the  pressure  at  the  individual  oil  jets.  The  resulting  oil  jet  diameters  were  0.058  in.  at 
the  manifold  inlet  end  0.048  in.  at  each  of  the  bearing  supply  lines. 

h.  No.  2-3  Booring  Compartment  System  Rig 
( 1 ) Arrangement  of  Component a and  Alignment 

Looking  aft,  the  oil  tank  was  on  the  right  half  of  the  compartment,  the  oil  pump  was  on  the 
left  side,  and  the  gear  train  was  at  the  bottom  of  the  compartment.  The  tank  and  main  supply 
pump  were  connected  by  a 1.26-in.  diameter  tube,  and  the  scavenge  pump  was  fed  by  another 
1.26-in.  diameter  tube  which  extended  to  the  bottom  sump  area  of  the  compartment.  The  tubes 
both  curved  to  the  left  to  avoid  interference  with  the  new  front  support  for  the  No.  2 bearing.  The 
discharge  from  the  scavenge  pump  passed  through  a short  jumper  tube  which  was  trapped 
between  the  pump  and  the  tank  by  a shoulder  and  snap  ring  on  the  jumper  tube.  The  jumper  tube 
was  inserted  into  the  tank  as  far  as  possible  by  moving  the  snap  ring  as  far  onto  the  jumper  tube 
as  possible.  The  tank  was  installed  in  the  rig,  the  jumper  tube  inserted  into  the  hole  in  the  pump 
housing  until  the  shoulder  contacts  the  pump  housing,  and  the  snap  ring  was  installed  into  the 
groove  in  the  jumper  tube. 

The  main  pump  discharge  passed  through  a fitting  16  degrees  below  the  horizontal 
centerline  which  plugged  into  a hole  in  the  pump  housing  and  was  bolted  to  a flat  on  the  rig  outer 
rase.  Oil  from  the  No.  1,  4,  and  5 bearing  compartment  simulator  joined  the  scavenge  pump 
discharge  oil  in  an  internal  tee  in  the  oil  tank  after  passing  through  a fitting  which  was  also  bolted 
to  the  rig  outer  case  and  was  piloted  into  a hole  on  the  tank.  The  same  type  fitting  was  used  at 
the  bottom  of  the  rig  as  a drain  plug  for  the  tank  and  rig.  A cap  closed  the  fitting  during  rig 
operation.  Removal  of  the  cap  drained  the  tank,  and  removal  of  the  fitting  drained  both  the  tank 
and  sump  area  of  the  rig. 


A cover  on  the  outer  surface  of  the  rift  sealed  a port  through  which  the  dipstick  was  inserted 
to  check  the  oil  level  in  the  tank. 

The  gear  train  was  bolted  to  the  bottom  of  the  No.  2 bearing  support  where  the  bottom 
towerahaft  gear  bearing  support  normally  is  located.  The  plate  was  located  by  a pilot  diameter 
and  a dowel  pin  to  locate  the  idler  gear  shaft  angularly  to  ensure  proper  gear  mesh  with  the  pump 
drive  gear. 

The  idler  gearahaft  and  the  lower  bevel  gear  bearing  were  attached  to  a large  flat  plate  which 
was  bolted  to  the  bottom  of  the  No.  2 bearing  support  (Reference  Figure  17).  The  oil  pumps  were 
located  by  two  dowel  pins  in  the  rig  outer  case.  The  pumps  were  mounted  to  a portion  of  an 
existing  flange  within  the  No.  2-3  rig.  The  remainder  of  the  flange  was  cut  away  to  provide  room 
for  the  oil  tank  and  the  gear  train  components.  An  oil  distribution  manifold  wrapped  around  the 
gear  train  to  supply  oil  to  the  bearings. 

Tolerance  on  the  towershaft -to-idler  mesh  and  on  the  idler-to-pump  mesh  was  t0.009  in. 
and  1 0.016  in.  respectively.  These  tolerances  were  used  in  Pratt  & Whitney  Aircraft  Computer 
Program  No.  5905  to  calculate  required  tooth  thickness  reduction.  The  tolerances  are  less  than 
could  be  tolerated  by  the  gear  meshes  providing  for  an  acceptable  design. 

(2)  Modification  to  Exiting  Hardware 

The  outer  case  of  the  existing  rig,  F34024,  was  modified  to  make  room  for  the  tank  and 
pump  and  to  provide  mount  provisions  for  external  fluid  connections. 

The  forward  internal  flange  was  cut  almost  entirely  away  to  make  room  for  the  tank,  leaving 
lugs  for  mounting  the  tank  and  pump.  Flats  were  added  to  the  outer  surface  for  external  fittings. 
These  fittings  included  No.  1,  4,  and  5 scavenge  return,  main  oil  pump  discharge,  tank  drain, 
dipstick  port,  thrust  piston  air  inlet,  and  a cover  for  a pump  drive  gear  clearance  slot.  All  flats 
were  at  the  same  dimension  from  the  rig  centerline.  A sheet  metal  cover  was  welded  over  the 
normal  towershaft  opening  at  the  bottom  of  the  case  to  keep  the  oil  in  the  compartment. 

Large  clearance  cutouts  were  made  in  the  No.  2 bearing  support  to  clear  the  pump  housing, 
the  idler  gears,  and  the  upper  idler  bearing  support.  External  ribs  and  bosses  were  removed  to 
clear  the  tank  and  pump.  A dowel  pin  was  added  at  the  lower  rear  surface  to  align  the  plate  which 
supports  the  idler  shaft. 

A fitting  was  welded  to  the  No.  2 bearing  nozzle  to  supply  oil  to  the  gear  train  oil 
distribution  manifold. 

In  order  to  obtain  sufficient  volume  in  the  rig  oil  tank,  the  engine  type  forward  support  had 
to  he  eliminated.  This  would  not  be  necessary  in  an  engine  application  of  the  Compartmental 
Lubrication  System  configuration  since  making  the  walls  of  the  tank  integral  with  the 
compartment  walls  would  provide  the  required  tank  volume.  A new  support  was  required  which 
had  to  duplicate  the  radial  spring  rate  of  the  engine  part.  The  Yale  Shell  Analysis  Computer 
Program  No.  8330  was  utilized  with  a saddle  load  applied  to  calculate  the  radial  spring  rate  of  the 
new  part.  A simple  cone  and  cylinder  arrangement  yielded  a radial  spring  rate  of  1.7  x 10*  in./in. 
compared  with  1.5  X 10*  in./in.  for  the  engine  part.  The  stiff  cone  provides  a stable  mount  for  the 
carbon  face  seal,  and  the  thin  cylinder  provides  the  desired  spring  rate. 
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(3)  Internal  Plumbing  Structural  Analytic 

The  rig  internal  plumbing  was  short  in  length  and  stiff  resulting  in  high  natural  frequencies 
above  any  existing  driving  frequencies.  For  example,  the  oil  in  line  was  the  worst  case  and  its 
natural  frequency  was  calculated  as  follows: 

Assumed  a pinned,  fixed  beam  17  inches  long 


Reference: 

Kent  Mechanical  Engineering  Handbook, 
page  9-03 

f,  - natural  frequency,  cps 

K « constant  for  pinned,  fixed  train  = 2.45 

g * acceleration  due  to  gravity  • 386  in./sec’ 

E = Youngs  modulus  = 30  X 10*  psi 

I » moment  of  inertia  = 0.0247  in.4 

W = weight  of  beam  per  inch  * 0.040  tb/in. 

L = length  of  tube  = 17  inches 


386  X 30  X 104  X ,0247 
(0.04)  (17)4 


f,  * 716  cps  X 60  = 43,000  cpm  or  43,000  rpm 
Max  exciting  frequency  in  rig  = 13,900  rpm  rotor 


SF 


43,000 

13,900 


3.09 


The  hoop  stress  due  to  the  internal  pressure  is  very  low;  for  example  the  oil  out  line  pressure 
stress  was: 


150  X ,375 
0.035 


1607  psi 


2rf  yield  PWA  770  Mat*l  = 20,000  psi 
SF  - 20,000/1607  - 12.44 
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2.  CRITICAL  COMPONENT  CHECKOUT  TESTS 

a.  Teat  Set-Up 

The  pump  and  tank  were  mounted  in  l)  area,  l>-4  stand,  as  shown  in  Figure  24.  The  pump 
was  mounted  to,  and  driven  by,  a 15  hp  Varidrive  DC  motor.  The  tank  was  mounted  such  that 
the  distance  from  the  pump  inlet  to  the  oil  level  in  the  tank  was  the  same  as  in  the  No.  2-3 
compartment  rig.  A breather  tank  was  mounted  directly  above  the  main  oil  tank.  Aeration  of  No 
2 3 compartment  oil  was  achieved  by  injecting  air  into  the  tank  shown  to  the  right  of  the  main 
oil  tank.  Fittings  for  oil  in,  nil  out.  air  in,  and  air  out  and  instrumentation  provided  a model  of 
the  engine  No.  2-3  compartment.  Aeration  of  No's.  1,  4 and  5 compartment  oil  flows  was 
accomplished  by  injecting  air  directly  into  the  oil  line  returning  to  the  tank  Figure  25  shows  the 
stand  schematic. 

Figure  18  shows  the  compartmental  oil  tank  used  for  these  tests.  Figure  19  is  a disassembled 
view  of  the  pump  housing,  gearshafts,  and  sleeves.  An  F100-PW-100  Hill-of-Material  pressure 
relief  valve  (used  in  this  pump)  is  also  shown. 

b.  Oil  Supply  and  Scavenge  Pump  Parformanca 

The  oil  supply  pump  was  run  at  speeds  up  to  10,000  rpm  (two  and  one-half  times 
conventional  engine  pump  speeds)  delivering  FlOO-PW-lOO  oil  flowrates.  Sixty  hours  of 
accumulated  run  time  was  logged  on  two  pump  assemblies  (20  hours  on  S/N  1,  40  hours  on 
S/N  2)  without  any  performance  deterioration.  A pump  map  was  generated  from  the  observed 
test  data  for  each  assembly  at  7000,  8500,  and  10, (XX)  rpm  pump  speeds.  These  maps,  illustrating 
the  delivered  oil  flowrate-versus-pressure  rise  characteristic,  are  shown  in  Figure  26.  The 
K(|uipment  Test  Plan  guarantee  flowrate  (superimposed  on  pump  map)  was  met  satisfying  the 
contractual  goal  for  delivered  flow  output. 

The  oil  supply  pump  inlet  pressure  was  reduced  from  ambient  to  approximately  2 psia  while 
operating  at  10,000  rpm.  At  the  guarantee  point  (4  psia  inlet  pressure)  insignificant  flow  fall-off 
was  observed.  This  is  illustrated  in  Figure  27  with  the  guarantee  point  shown  superimposed 

Figure  28  shows  the  oil  supply  pump  lift  capabilities  at  10, (XX)  rpm.  Delivered  oil  flowrate 
is  shown  unaffected  when  oil  levels  in  the  tank  were  ns  much  as  24  inches  below  pump  inlet . 

The  operational  curve  for  the  cold  start  bypass  valve  is  shown  in  Figure  29.  This  valve,  an 
F100-PW-100  Bill-of-Material  component,  had  an  observed  bypass  threshold  point  at  the  design 
pressure  differential  of  175  psid. 

Figure  30  is  a pump  map  of  the  oil  scavenge  pump  at  7000,  8500,  and  10,000  rpm  operating 
speeds.  The  Equipment  Test  Plan  guarantee  flowrate  (shown  superimpt*sed  in  the  figure)  was 
surpassed  at  10,000  rpm  thus  satisfying  contractual  flow  requirements. 

c.  Oil  Tank  and  Daaarator  Parformanca 

The  compartmental  oil  tank,  with  a maximum  capacity  of  2.75  gallons,  was  injected  with  up 
to  200  Ib/hr  airflow  with  oil  levels  down  to  1 gallon.  Pressure  oscillations  of  less  than  ±3  psi  (at 
supply  pump  discharge  location)  were  observed  when  deaerating  200  tb/hr  airflow  with  1 .5  gallons 
of  oil  in  the  tank.  This  is  over  three  times  conventional  engine  tank  deaeration  requirements.  The 
deaeration  capabilities  of  the  compartmental  oil  tank  nt  various  oil  fills  and  injected  airflows  are 
shown  in  Figure  31. 
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Figure  24  Tj-4  Stand  P*jmp.  Tank,  and  Stand  Plumbing 
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'igure  27.  Compartmental  Lubrication  System  Oil  Supply  Pump  Flow  Capacity  at  Low  Inlet 
Pressures 


Oil  Flowrate 


SCAVENCE  PUMP  PRESSURE  RISE  PS  ID 


Figure  30.  Compartmental  Lubrication  System  Scavenge  Pump  Flow  Require- 
ments 
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d.  Poat-T»st  Observations 


Figure  :i‘J  shows  lhat  the  supply  pump  journal  had  no  visible  wear  However,  the  scavenge 
pump  journal  did  have  visible  wear  as  show  n in  Figure  3d,  Radial  run  out  of  one  scavenge  pump 
gear  in  pump  S/N  2 was  0.0015  inch  over  blueprint  max  (0.002)  at  the  center  of  gear  This 
contributed  to  a 131  percent  increase  in  backlash  in  pump  S/N  2 (from  0.002  to  0.005)  compared 
to  S/N  l increase  (from  0.0045  to  0.1X)58).  The  average  scavenge  pump  carbon  journal  wear 
(0  00034)  was  two  times  the  average  supply  pump  carbon  journal  wear  (O.(XX)IS)  The  scavenge 
pump  journals  were  very  lightly  loaded,  therefore,  the  wear  was  attributed  to  gearshaft  deflection. 

Figures  34.  35,  and  36  show  gearshafts  from  supply  pump  package  No.  1 (drive  end),  supply 
package  No.  2 and  scavenge  pump  package,  respectively.  The  presence  of  worn  (shiny)  areas  on 
scavenge  pump  gear  face  (Figure  37)  can  lie  compared  to  the  relatively  unworn  supply  pump  gear 
face  Figure  38  Spline  damage  on  the  drive  end  of  gearshaft  shown  in  Figure  34  was  caused  bv  a 
loose  fitting  pump  to  Varidrive  drive  adaptor. 

Figures  37  and  38  show  the  aluminum  sleeves  from  the  scavenge  pump  and  supply  pump, 
respectively  The  pitted  area  on  the  inlet  side  of  the  sleeve  is  not  cavitation  damage.  These  small 
holes  were  caused  by  silicon  spheres  in  the  oil.  Oil  analysis  showed  spherical  beads  less  than 
60  microns  in  diameter  An  F100-PW-100  Bill-of-Material  filter  was  used  and  will  pass  any 
material  less  than  70  microns  Both  pumps  displayed  this  damage  but  S/N  2 (40  hours  run  time) 
was  worse  than  S N 1 (20  hours  run  time).  The  origin  of  the  glass  beads  is  suspected  to  be  due  to 
incomplete  flushing  of  interior  tank  parts  after  grit  blasting  prior  to  final  assembly. 

Both  pumps  had  approximately  2 qts/hr  oil  leakage  from  the  drive  end  of  the  pump  during 
initial  tests  This  was  solved  by  inserting  a rubber  plug  in  the  drive  end  hollow  supply  gear.  Thus, 
the  leakage  path  from  the  scavenge  pump  through  the  hollow  supply  pump  gears  was  stopped 
There  was  no  change  in  the  performance  of  the  pump  after  the  repair  The  hollow  gears  were  a 
manufacturing  compromise  to  ease  machining. 
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Figure  34.  Supply  Pump  Gearshafts  (Drive  End),  40  Hours  Run  Time 
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Figure  35.  Supply  Pump  Gearahafts,  -10  Hours  Run  Time 
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SYSTEM  FABRICATION  AND  TEST 
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1.  SYSTEM  FABRICATION  AND  ASSEMBLY 

a.  Description  of  Tost  Articles 

High-speed  oil  supply  and  scavenge  pumps  S/N  1 (Figure  39)  were  selected  for  testing  in  the 
system  rig.  This  pump  had  accumulated  20  hours  run  time  during  the  component  bench  tests  of 
Phase  III,  Task  2. 

The  compartmental  tank  (Figure  19)  was  flushed  out  and  visually  inserted  after  the 
critical  component  tests  prior  to  its  installation  in  the  svstem  rig. 

The  high-speed  gear  drive  described  in  Section  IV  was  used  to  drive  the  high-speed  oil 
supply  and  scavenge  pumps.  The  high-speed  gear  train  (Figure  40)  was  instrumented  and 
assembled  to  the  F100-PW-100  Bill-of-Material  No.  2/3  crossover  housing. 

b.  Assembly  Sequence 

In  preparation  for  final  assembly  of  the  system  rig  there  were  several  flow  checks  and 
reworks  accomplished  to  ensure  proper  system  operation.  The  F100-PW-100  No.  2/3  crossover 
support.  No.  2 bearing  oil  supply,  No.  3 bearing  oil  supply,  No.  2 and  No.  3 seal  plate  oil  supplies 
and  high-speed  gear  train  oil  manifold  were  flowed  separately.  All  individual  oil  supply  rates  met 
design  requirements  (Table  25). 


TABLE  25 

NO.  2/3  COMPARTMENTAL  LUBRICATION  RIG  OIL  FLOW 


Jet  Location 

No.  of  Jets 

Required 
Flow  Per  Jet 
(tb/min) 

Actual 
Flow  Per  Jet 
(tb/min) 

No.  2 Front  Seal  Plate 

1 

4.5  — 

6.0 

5.2 

No.  2 Bearing  and  Rear  Seal 
Plate 

1 

16.0  — 

19.0 

20.54 

No.  3 Front  Seal  Plate 

3 

2.0  — 

3.0 

2.83 

No.  3 Bearing  and  No.  3 Rear 
Seal  Plate 

3 

11.0  — 

13.0 

12.31 

Tower  Shaft  Roller  Bearing 
(Under  Race) 

1 

2.5  — 

3.5 

3.16 

Tower  Shaft  Roller  Bearing 
(Direct) 

1 

0.5  — 

1.5 

1.2 

I/ower  Tower  Shaft  Bearing 

3 

1.5  — 

4.5 

2.72 

and  Idler  Bearings  (2) 
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Operations  sheets,  guiding  the  inspection  and  assembly  of  the  system  rig,  were  generated  to 
ensure  proper  assembly  sequence  and  dimensional  inspection  during  build  up. 

The  F100-PW-100  No.  2 front.  No.  2/3  and  No.  3 rear  carbon  seal  assemblies  were  lapped  to 
a flatness  of  0.000020  inch.  The  corresponding  seal  plates  were  inspected  to  assure  0. 000020-inch 
flatness. 

The  rig  was  assembled  using  F100-PW-100  spiral  wound  crush  gaskets  in  the  static  seal 
areas. 

Prior  to  and  during  assembly,  sufficient  inspection  and  stack-up  data  were  taken  to  assure 
seating  of  seal  plates  and  proper  compression  of  carbon  seal  assemblies. 

The  high-speed  gear  train  was  assembled;  gear  tooth  alignment  was  checked,  and  backlash 
measurements  were  taken.  Bull  gear  and  pinion  gear  tooth  contact  pattern  were  checked  prior  to 
final  assembly. 

Figure  41  shows  the  interior  of  the  system  rig  with  the  high-speed  oil  supply  and  scavenge 
pumps,  compartments!  tank,  high-speed  gear  train,  and  all  associated  plumbing  and  instrumen- 
tation installed. 

c.  Rig  Support  Work 

The  high  and  low  rotor  of  the  system  rig  were  driven  commonly  through  a coaxial  gearbox. 
The  gearbox  was  overhauled  and  reworked  to  ensure  proper  operation. 

The  necessary  tooling  for  assembly  and  disassembly  of  the  rig  was  fabricated.  Special 
tooling  required  for  assembly  and  disassembly  of  the  compartmental  lubrication  system 
components  such  as  the  high-speed  gear  drive  was  also  fabricated. 

Inspection  of  thrust  piston  knife-edge  seals  and  lands  revealed  abnormally  large  radial 
clearance.  Flowrate  calculations  based  on  these  clearances  revealed  air  flow  requirements  that 
exceeded  facility  capabilities.  The  knife-edges  and  lands  were  reworked  to  reduce  the  air  flows 
required  to  obtain  proper  loads  on  the  main  shaft  bearings. 

d.  Instrumentation  Installation 

All  thermocouple,  pressure  and  vibration  instrumentation  associated  with  the  rig  directly 
was  patterned  after  requirements  specified  in  the  Equipment  Test  Plan.  All  internal  rig 
thermocouples  were  shielded  chromel  alumel  type  installed  through  airtight  fittings. 

All  internal  rig  pressure  probes  were  inserted  into  their  respective  compartment  to  a depth 
that  would  give  representative  data  for  that  parameter. 

Dual  bearing  outer  race  thermocouples  were  installed  in  the  supports  for  the  No.  2,  No.  3, 
upper  towershaft.  lower  towershaft,  upper  idler,  and  lower  idler  bearings.  These  were  flush 
mounted  and  in  direct  contact  with  the  outer  race  outside  diameter. 

Numerous  rig  external  pressure  sensors  and  thermocouples  were  used  to  adequately  monitor 
the  operation  of  the  rig,  coaxial  gearbox,  and  stand  drive. 
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I'he  instrumentation  schedule  is  shown  in  Table  2t>  Vibration  accelerometers  were  used  to 
monitor  rig  internal  and  external  vibrations.  Internal  sensors  consisted  of  two  radial  ac 
celerometers  on  the  No.  3 bearing  support  and  one  radial  accelerometer  on  the  No.  2 hearing 
sup|H>rt  Kx  tern  a I sensors  consisted  of  horizontal  and  vertical  accelerometers  on  Inith  front  and 
rear  of  the  main  rig  housing  Horizontal  and  vertical  radial  accelerometers  were  also  installed  on 
the  coaxial  gearliox. 

2.  SYSTEM  TEST 

The  system  rig  was  installed  on  0-4  stand.  Turbojet  Component  Test  Area  I)  1'he  drive 
system  for  the  rig  was  a 2S0  hp  Ford  VS  engine.  Power  was  supplied  to  the  rig  through  a torque 
converter.  5 -speed  manual  transmission  and  reversing  gearbox  A drive  shaft  connected  the  stand 
drive  system  to  the  rig  coaxial  gearbox 

Slight  modifications  were  required  to  the  rig  mount  stand  to  adapt  it  to  D-4  stand.  Stand, 
rig.  and  all  plumbing  are  shown  in  Figure  42. 

The  rig  and  all  air  inlet  lines  were  insulated  with  fiber  insulation,  aluminum  foil,  and 
fiberglass  tape  to  reduce  heat  loss.  Control  room  instrumentation  consisted  of  pressure  gages, 
digital  thermocouple  readouts,  digital  speed  and  oil  flowrate  readouts,  and  vibration  level  meters. 

Disaster  monitoring  was  accomplished  by  using  an  o'graph  recorder.  Seven  channels  were 
recorded  which  included  two  bearing  temperatures,  two  rig  vibrations,  high-rotor  speed.  No.  2d 
compartment  breather  pressure,  and  No.  2/d  compartment  oil  supply  pressure.  The  purpose  of 
disaster  monitoring  selected  parameters  was  to  have  a record  of  rig  operating  characteristics  in 
the  event  of  rig  malfunction  since  hand-recorded  data  would  not  be  fast  enough. 

Figure  43  shows  the  stand  schematic  for  the  system  rig  installed  on  D-4  stand 

Oil  flowrates  were  measured  with  calibrated  turbine  flowmeters.  Standard  sharp-edged 
orifices  were  used  for  measuring  air  flows  to  the  various  chambers  and  cavities  in  the  rig. 

Rig  bearing  thmst  loads  were  controlled  by  setting  thrust  piston  pressure  differential. 
Thrust  balance  calculations  were  completed  for  ta>th  front  and  rear  thrust  pistons  for  each 
mission  point. 

During  the  rig  checkout  period  prior  to  beginning  the  endurance  run.  high  breather  air  flow 
was  noted  By  flowing  each  compartment  separately,  the  leak  was  found  to  be  in  the  area  of 
No.  3 rear  seal.  This  prevented  setting  the  rear  chamber  pressures  required  for  the  climb  and 
combat  mission  points.  Repair  would  have  required  a complete  dismount  and  teardown.  Since 
the  leakage  did  not  affect  the  test  article,  i.e..  high-speed  oil  supply  and  scavenge  pumps, 
compartmental  tank,  and  high-speed  gear  train,  it  was  decided  to  continue  the  endurance  test 
with  reduced  rear  chamber  pressures.  Chamber  temperatures  for  each  mission  point  were  met 
with  no  problems. 

It  was  apparent,  while  setting  the  mission  points  during  the  checkout  runs,  that  the  amount 
of  time  required  to  set  the  oil  flow,  air  flows,  oil  and  air  temperatures,  compartment  pressures, 
breather  pressure,  and  rig  speed  was  not  conducive  to  a cyclic  test.  Approximately  three  hours 
were  required  to  set  a point  so  that  the  operation  of  the  rig  during  transients  was  really  not  being 
evaluated  The  critical  items  for  the  system  test  (i.e..  operation  of  the  high-speed  pump  and  drive 
train,  oil  churning  in  a compact  bearing  compartment,  and  deaeration  capabilities)  could  all  bo 
thoroughly  evaluated  at  steady-state  operating  conditions.  It  was  decided  to  combine  the  test 
times  for  each  mission  flight  point  and  revise  the  test  sequence  as  shown  in  Table  27.  Note  that 
the  low-power  points  were  run  first.  The  facilities  drive  engine  for  the  rig  was  found  to  be  defective 
during  the  checkout  runs  and  was  replaced  with  a new  drive  engine.  The  low -power  points  were 
run  first  to  help  break  in  the  engine 
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TABLE  26 

COMPARTMENTAL  LUBRICATION  SYSTEM  INSTRUMENTATION  SCHEDULE  (Continued* 
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Spectrometer  Oil  Analysis  and  Processing  (SOAP)  samples  were  taken  at  2.75,  6.75,  16.0, 
20.0,  22.0,  28.0,  42.0,  46.0,  and  50.23  hours  of  endurance  time.  Chip  detectors  were  checked  prior 
to  every  run  and  any  collected  material  sent  for  analysis  when  required. 

All  data  sheets  from  the  endurance  run  are  shown  in  Appendix  O. 

3.  SYSTEM  TEST  RESULTS 
a.  System  Rig  Endurance  Teat  Reaulta 

Total  system  rig  run  time  at  the  end  of  50.23-hours  endurance  time  was  66.%  hours. 

Figures  44  and  45  show  the  instrumentation  locations.  Figure  44  is  a longitudinal  cross 
section,  and  Figure  45  is  a transverse  cross  section. 

The  bottom  plot  of  each  of  the  following  graphs  has  rig  high-rotor  speed  (RPM-N2)  versus 
endurance  time  for  reference.  Each  graph  that  has  test  set  conditions  plotted  is  labeled  with  the 
set  point  value.  These  values  are  listed  in  Table  27.  All  data  were  recorded  by  hand.  In  a few 
instances  the  set  point  drifted  during  data  recording  and  is  labeled  on  plots  as  transient. 

Figure  46  shows  high-speed  oil  pump  speed  (RPM-PUMP),  No.  2/3  compartment  oil  supply 
pressure  (P3),  and  main  oil  supply  pump  discharge  pressure  (P2),  versus  endurance  time.  It  can 
be  seen  there  was  no  deterioration  of  oil  pressure  with  endurance  time. 

Figure  47  shows  high-speed  oil  supply  total  oil  flowrate  (FI),  oil  tank  temperature  (Tl),  and 
No.  2/3  compartment  oil  flowrate  (F3)  versus  endurance  time.  Again,  neither  parameter 
deteriorated  with  endurance  time. 

Figure  48  shows  system  rig  compartmental  heat  generation  and  is  based  on  No.  2/3  oil 
flowrate,  oil  supply  temperature  to  the  No.  2/3  compartment  (T3),  and  No.  2/3  compartment  oil 
scavenge  temperature  (T16).  T3  and  T16  are  shown  in  Figures  48  and  49  with  their  difference 
(T16-T3)  shown  in  Figure  50.  Figure  48  also  shows  heat  transferred  in  the  heat  exchanger  as  a 
check  on  the  heat  generation.  This  is  based  on  average  rig  oil  supply  temperature  (No.  2/3  and 
No.  1/4/5  compartment  model),  main  oil  supply  discharge  temperature  (T2)  and  total  rig  oil 
flowrate  (Fl).  Data  scatter  can  be  attributed  to  sensitive  operation  of  water  operated  oil  heat 
exchanger. 

No.  2/3  compartment  temperature  rise  (T16-T3)  shown  in  Figure  50  was  significantly  lower 
than  predicted.  It  is  theorized  that  this  is  due  to  the  absence  of  a towershaft  in  this  rig.  A 
significant  reduction  in  heat  generation  may  be  realized  in  an  engine  with  a top  mounted  gearbox 
due  to  the  elimination  in  oil  churning  in  the  towershaft. 

Figure  49  shows  No.  2/3  compartment  breather  pressure  (P5).  Test  set  points  are  shown  with 
the  maximum  allowable  limits.  Maximum  allowable  limits  are  8 inches  Hg  (approx  4 psi)  above 
the  set  point.  Due  to  high  breather  air  flow  caused  by  the  air  leak  in  the  rear  of  the  No.  3 
compartment,  breather  pressure  was  slightly  higher  than  the  set  point  at  climb  conditions.  Figure 
49  also  shows  No.  2/3  compartment  scavenge  pressure  (P16).  Scavenge  pressure  was  measured  at 
the  high-speed  scavenge  pump  discharge  and  did  not  fluctuate  during  any  mission  point. 


129 


c 

.5 


duinj  A|ddns  uidj  - paads  uudj  - paads  B|y 

A|ddns  HO  iduioo  0-2  on  diunj  HO 


134 


Figure  46.  Oil  Pump  Speed,  No.  2-3  Compartment  Supply  Pressure,  and  Main  Oil  Supply  Pump  Discharge  Pressure  vs 
Endurance  Time 


Figure  49.  Breather  Pressure,  No.  2-3  Compartment  Scavenge  Pressure,  and  Temperature  vs  Endurance  Time 
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Figure  51.  Total  Breather  Flow,  No.  I,  4,  and  5 Compartment  Airflow,  and  No.  2-3  Compartment  Air  Temperature  vs  Endurance 
Time 
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Figure  51  shows  total  breather  air  How  and  simulated  Nos.  I.  -1.  and  5 compartments  air 
flow  Nos  1.  4,  and  5 compartment  air  flows  simulated  labyrinth  real  leakage  from  three 
compartments  for  the  selected  engine  scheme.  The  difference  between  the  total  breather  flow  and 
simulated  I 4/5  compartment  flow  was  No.  2/d  compartment  leakage. 

The  rig  has  FlOO-PW'-lOO  Hill-of  Material  carbon  seals  which  leak  about  25  pph.  The  No 
2/d  compartment  leakage  was  10  times  higher  than  expected  for  carbon  seals.  The  leakage  from 
the  rear  compartment  into  the  No.  2/d  compartment  caused  high  breather  flow  and  entrainment 
of  compartment  oil  out  the  breather 

Figures  52  and  5d  show  environmental  temperatures  and  pressures  surrounding  the  No.  2/d 
compartment,  respectively.  The  front,  rear,  and  bore  compartment  (FT.  1*8,  and  It*.  res|K*ctively) 
pressures  were  set  lower  than  test  point  conditions  during  the  combat  and  climb  mission  points 
in  order  to  limit  leakage  into  the  compartment.  It  was  felt  that  breather  pressure  was  a parameter 
that  directly  affected  the  test  articles  more  than  environmental  pressures  surrounding  the  No.  2/d 
compartment.  Therefore,  the  highest  possible  environmental  pressures  were  set  based  on 
maximum  allowable  breather  pressure  (P5),  i.e.,  8 inches  Hg  over  test  set  point. 

Figures  54  and  55  show  high-speed  gear  train  bearing  outer  race  temperatures  and  rig 
No.  2 and  No.  d bearing  outer  race  temperatures.  There  was  no  abnormal  temperature  rise 
indicated.  The  lower  tower  shaft  bearing  showed  the  highest  operating  temperature  of  300“  F at 
cruise  conditions  and  a maximum  temperature  rise  over  oil  supply  temperature  of  8d°F  at  climb 
conditions. 

Rig  internal  and  external  vibrations  are  shown  in  Figure  56.  A maximum  allowable  limit  of 
d.O  mils  vibration  was  selected.  At  no  time  during  the  endurance  run  did  any  vibration  level 
exceed  1.0  mil  with  internal  vibrations  consistently  below  O.d  mil. 

b.  SOAP  and  Chip  Datactor  Analysis  Rasults 

Oil  samples  were  taken  at  2.75,  6.75.  16.0,  20.0,  22.0.  28.0.  42.0.  46.0  and  50.2d  hours  during 
the  50-hour  endurance  test.  Iron  content  varied  throughout  the  50  hours  and  was  the  element 
found  most  abundant  in  the  oil.  Iron  content  ranged  front  less  than  1 .0  to  ns  high  ns  6.4  parts  per 
million.  Traces  of  aluminum,  nickel,  silver,  chromium,  and  titanium  were  found  (less  than  1.0 
part  per  million)  and  continued  at  thitse  low  levels  throughout  the  test.  Initial  samples  taken 
showed  slightly  higher  aluminum  (3.2  ppnt)  and  can  be  attributed  to  pump  wear-in. 

Analysis  of  material  collected  bv  the  rig  magnetic  chip  detector  showed  iron/nickel. 
chromium,  and  aluminum.  Again,  early  samples  showed  higher  iron/nickel  content  due  to  gear 
train  wear-in  and  flushing  of  rig  interior 

Analysis  of  filter  bowl  residue  showed  traces  of  carbon.  The  percentage  amount  increased 
slightly  throughout  the  test  showing  some  carbon  seal  wear. 

Karly  in  the  endurance  test,  three  large  metal  particles  were  found  in  the  filter  bowl. 
Particles  were  approximately  0.150  \ 0.100  inch  and  resembled  instrumentation  tack  straps. 
Analysis  confirmed  that  the  material  was  Inconel  600  shim  stock  used  to  secure  instrumentation 
leads  on  the  rig  interior. 

c.  Disaster  Monitoring  O'Qraph 

At  all  times,  when  the  endurance  test  was  in  progress,  rig  speed  and  selected  temperatures, 
pressures,  and  vibrations  were  monitored  and  recorded  on  light  sensitive  o'graph  paper.  The  data 
were  not  reduced  and  served  only  for  investigative  purposes  in  cases  of  rig  malfunction. 
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d.  System  Rig  Post-Run  Tsordown  Results 

Upon  completion  of  the  50-hour  endurance  test  the  rig  was  dismounted  from  the  stand  for 
disassembly.  There  was  no  evidence  of  coking  on  any  internal  rig  parts. 

Figure  57  shows  the  F100-PW-100  No.  3 rear  carbon  seal  support  and  spiral  wound  gasket. 
The  excessive  breather  flow  was  caused  by  leakage  of  rear  chamber  air  through  the  No.  3 rear 
carbon  seal  support  and  the  rig  main  housing  mount  flange  The  leakage  was  caused  by  an 
improperly  installed  spiral  wound  crush  gasket.  The  installation  of  the  gasket  and  seal  support  is 
a blind  assembly  in  the  rig.  The  gasket  damaged  area  is  shown  in  Figure  58. 

Figure  59  shows  the  high-speed  gear  train  as  removed  from  the  FlOO-PW-lOO  No.  2/3 
crossover  housing.  Very  slight  wear  patterns  were  noted  on  the  towershaft  spur  gear.  Gear  tooth 
wear  was  negligible  on  all  gears. 

A disassembled  view  of  the  high-speed  gear  train  is  shown  in  Figure  60. 

The  lower  towershaft  bearing  showed  a slight  discoloration  of  the  split  inner  race  and  is 
shown  in  Figure  61.  At  100X  power,  (Figure  62)  the  surface  texture  of  the  balls  shows  the  results 
of  small  particle  contamination  damage.  The  lower  towershaft  bearing  is  the  lowest  point  in  the 
compartment.  Any  foreign  particles  in  the  compartment  would  be  flushed  down  to  the  area  of  the 
lower  towershaft  bearing. 

The  high-speed  oil  supply  and  scavenge  pump  showed  a reddish  discoloration  on  all  internal 
and  external  surfaces  that  were  in  direct  contact  with  the  oil.  This  discoloration  was  only  present 
on  the  three  anodized  aluminum  housings  and  end  plate.  Fabrication  Research  personnel 
indicated  that  the  synthetic  engine  oil.  MIL-L-7808G  reacted  with  the  anodized  surfaces  causing 
the  surface  to  have  a stained  appearance. 

Figures  63  and  64  show  the  supply  pump  gears,  and  Figure  65  shows  the  scavenge  gears.  All 
are  from  high-speed  oil  supply  and  scavenge  pumps  S/N  1.  Total  time  on  this  pump  is  87  hours. 
The  figures  show  there  is  a slight  discoloration  on  the  ends  of  each  journal  of  both  supply  pump 
packages.  This  is  due  to  contact  with  the  rubber  lip  seals  used  on  the  supply  pump  packages.  A 
20X  photo  of  the  rubber  lip  seal  is  shown  in  Figure  66.  After  87  hours  run  time  all  lip  seals  in  the 
supply  pump  showed  signs  of  considerable  wear.  This  is  an  area  which  will  have  to  be  investigated 
for  future  applications  of  a high-speed  pump.  On  this  application,  when'  the  pump  is  Una  ted 
inside  the  bearing  compartment,  a shaft  seal  oil  leak  would  have  only  a slight  effect  on  pump 
performance  and  would  not  result  in  external  engine  oil  leakage. 

The  gear  teeth  on  both  the  supply  and  scavenge  packages  showed  no  abnormal  wear.  The 
backlash  of  each  package  is  shown  in  Table  28. 

TABLE  28.  PUMP  GEAR  TEETH  RACKIASH 


Run 

Time  (hr) 

Drive  End 
Supply  Package 
Racklash  (in.) 

Supply  Package 

No.  2 

Racklash  (in.) 

Scavenge  l\ickage 

Racklash  (in) 

0 

0.0045 

0.0045 

0.0045 

20 

0.01X58 

0.0056 

0.0058 

87 

0.0068 

0.0055 

0.0058 
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Wear  patterns  on  the  journals  of  the  supply  and  scavenge  pump  gears  are  due  to  small 
particle  (less  than  70  micron  diameter)  contamination.  This  wear  pattern  is  more  noticeable  on 
the  supply  pump  journals.  Figures  63  and  64,  than  on  the  scavenge  pump  journals.  Figure  65, 
since  the  supply  journals  are  more  heavily  loaded. 

Figures  67  through  72  show  the  pump  journal  bushings.  Average  supply  pump  shaft  wear 
was  0.0001  inch.  Average  supply  pump  carbon  journal  bushing  wear  was  0.0002  inch.  Average 
scavenge  pump  journal  shaft  and  carbon  bushing  wear  was  less  than  0.0001  inch  for  both. 

Figures  73,  74,  and  75  show  the  wear-in  areas  of  the  aluminum  sleeves  of  the  supply  pump 
and  the  scavenge  pump.  There  is  no  noticeable  change  in  wear-in  pattern  from  previous 
inspection  at  20-hours  run  time  except  for  the  local  damaged  area  where  the  Inconel 
instrumentation  tack  strap  was  passed  through. 

Neither  the  aluminum  sleeves  nor  the  aluminum  bearing  assemblies  showed  any  signs  of 
pump  cavitation  damage. 
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Figure  73.  Supply  Pump  Sleeve,  Package  No.  I 
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SECTION  VI 
CONCLUSIONS 

The  selected  com  part  mental  lubrication  system  concept  provides  for  reduced  vulnerability 
by  locating  major  lubrication  system  components  within  an  otherwise  conventional  bearing 
compartment.  The  50-hour  system  endurance  test  substantiated  the  compartmental  lubrication 
system  concept.  Consequently,  this  concept  may  be  seriously  considered  for  future,  advanced  gas 
turbine  engines  in  which  the  lubrication  system  design  criteria  art*  weighted  in  favor  of 
vulnerability,  maintainability,  and  reliability  considerations. 

The  system  test  program  substantiated  the  technology  considerations  involved  in  the 
concept  design  by  demonstrating  the  following: 

• High-speed  oil  pump  (both  supply  and  scavenge)  performance  verification  at 
two  and  one-ha!,  times  conventional  engine  pump  speeds. 

• Feasibility  of  high-speed  drive  gear  train  in  a compact  bearing  compartment . 

• Capability  to  successfully  deaerate  labyrinth  seal  air  leakages  in  excess  of 
three  times  that  of  conventional  engines  within  a small  volume  oil  tank. 

• Capability  to  properly  scavenge  a modified  bearing  compartment  (in  which  a 
high-speed  oil  pump,  drive  train  and  oil  tank,  are  installed)  without  any 
increase  in  lubrication  system  heat  generation  or  oil  foaming  due  to 
mechanical  churning  of  the  oil. 

A comparative  analysis  with  the  baseline  FHXl-PW-lOO  engine  indicated  that  significant 
improvements  are  possible  in  vulnerability,  maintainability,  reliability,  and  frontal  areas.  The 
following  results  were  obtained: 

• Vulnerability  — reduced  28.8  percent 

• Maintainability  — reduced  5756  maintenance  man-hours  per  million  engine 
flight  hours 

• Reliability  — 962  fewer  part  discrepancies  per  million  engine  (light  hours 

• Frontal  area  — reduced  80  square  inches. 

The  analyses  and  trade  studies  conducted  indicate  that  labyrinth  mainshaft  seals,  when 
used  with  properly  sized  scavenge  pumps  in  conjunction  with  capped  hearing  compartments  to 
limit  air  leakages,  provide  a feasible  compartmental  sealing  configuration  in  advanced,  high 
speed  engine  applications  where  rotor  speeds  preclude  the  use  of  face  seals.  The  system  tests 
verified  the  feasibility  of  deaerating  the  air  leakages  associated  with  this  configuration. 
Application  of  lift  -off  type  mainshaft  seals  in  a high-speed  environment  is  an  unproven  approach 
for  tomorrow's  engine  design  whereas  the  labyrinth  seal/scavenge  pump  system  is  a technically 
solid  candidate  for  consideration  in  future  high-speed  mainshaft  sealing  applications. 
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SECTION  VII 

RECOMMENDATIONS 


In  future  advanced  engine  design  applications,  such  as  RPV  and  VSTOL.  lubrication 
system  components  will  have  reduced  available  space.  Oil  supply  and  scavenge  pumps, 
associated  dii^e  gear  trains  and  oil  tank  volume  will,  by  necessity,  have  to  he  smaller  than 
current  conventional  components.  This  will  require  higher  speed  pumps  and  gear  trains  ami 
improvements  in  oil  deaeration  and  compartmental  scavenging.  The  full-scale  rig  tests  conducted 
in  the  final  phase  of  this  program  successfully  demonstrated  a compartmental  lubrication  system 
concept  which  meets  those  requirements.  In  future  engine  design  efforts  in  which  the  criteria  of 
vulnerability,  maintainability,  reliability,  and  frontal  area  are  heavily  weighted,  it  is  recom- 
mended that  lubrication  system  trade  studies  be  conducted  on  a compartmental  concept  basis  to 
determine  the  best  system  to  meet  design  objectives.  These  studies  should  be  performed  early  in 
the  engine  design  phase  while  the  basic  engine  configuration  is  still  flexible  to  accept  the  results 
of  the  lubrication  system  studies. 

It  is  further  recommended  that  additional  compartmental  lubrication  system  studies  be 
conducted  in  which  the  criteria  of  survivability  is  heavily  weighted  for  system  quantitative 
analyses.  These  studies  should  include  analyses  involving  oil-mist  lubrication  systems  as 
supplemental  systems  to  conventional  pump  fed  configurations. 
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1.  GENERAL 


APPENDIX  A 

COMPONENT  SIZING  SUMMARY 


Lubrication  system  components  sizes  for  each  of  the  evaluated  schemes  are  presented  in  this 
appendix. 

2.  SCHEME  I 

a.  Oil  Tank 

The  oil  tank  size  is  limited  bv  the  constraints  of  the  No.  2-3  compartment  boundaries.  A 
design  goal  of  a 3-gal  capacity  was  initially  set.  Current  mechanical  design  studies  have  indicated 
that  the  oil  tank  size  for  this  scheme  is  1 .82  gal.  Additional  comments  regarding  tank  capacity  are 
discussed  in  design  considerations. 

b.  Oil  Supply  Pump 

The  oil  supply  pump  size  was  scaled  from  a 10,000-rpm  ST9  gear  pump.  Scaling  the  element 
size  to  meet  a 150  Ib/min  (250°F)  oil  flow  requirement  resulted  in  a 2.996-in.  gear  width.  All 
pumping  elements  in  the  lubrication  pump  use  9-tooth/16-pitch  fears,  approximately  ’<  in.  in 
diameter. 


c.  Oil  Scavenge  Pumps 

The  scavenge  elements  run  at  10,000  rpm  and  are  scaled  from  the  ST9  gear  pump  (discussed 
above).  The  No.  2-3  and  4 scavenge  pumps  were  sized  to  twice  the  volumetric  oil  flowrate  of  their 
respective  bearing  compartments.  This  criterion  was  applied  to  compartments  that  are  breathed. 
The  resulting  widths  for  the  No.  2-3  and  4 scavenge  elements  were  3.54  and  1.558  in.  respectively. 

The  No.  1 and  6 scavenge  elements  were  sized  to  prevent  compartmental  oil  loss  during 
transient  operation  on  deceleration.  This  sizing  criterion  required  the  No.  1 scavenge  element  to 
have  six  times  the  volumetric  flow  capacity  of  the  compartmental  oil  flow.  The  No.  5 scavenge 
element  was  sized  12  times  the  compartmental  oil  flow  capacity.  The  resulting  element  widths 
were  1.582  and  2.804  in.  respectively  for  the  No.  1 and  5 scavenge  pumps. 

d.  Can  Deaerator 

This  component  remained  the  same  size  as  its  F100-PW-100  baseline  counterpart  which  is 
approximately  7.7  in.  long  with  a 3-in.  diameter. 

a.  Oil  Filter 

The  oil  filter  element  volume  remained  the  same  as  for  the  F100-PW-100  baseline  svstem, 
(11.6  in.*) 

f.  Breather  Plpea 

The  No.  4 and  oil  tank  breather  lines  were  1-in.  diameter. 
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g.  Daollar 

in  dianleterearb°*  m°Unted  de°,ler  8‘ze  remained  ,he  8ame  as  the  baseline  FlOO-PW-lOO,  5.7  in. 

h.  Animator 

The  alternator  size  was  scaled  upward  from  the  FlOO-PW-lOO  baseline  to  reflect  the  lower 
dEter*  SP  ^ ^ fr°m  tHe  ‘OW  r0t°r  mOUnt'  The  resultinK  8ize  w«s  7 in-  l°"g  by  5.7  in.  in 


3.  SCHEME  II 

c k THt  S [ 8upp,y  and  No  2 3 ^avenge  pumps,  alternator,  and  oil  filter  were  the  same  as  for 
scheme  I.  The  can  deaerator  and  deoiler  were  the  same  size  as  that  for  the  FlOO-PW-lOO  baseline. 

a.  Oil  Tank 

An  attempt  was  made  to  design  as  large  an  oil  tank  capacity  as  possible  into  the  No.  2-3 
bearing  compartment.  Mechanical  design  studies  showed  that  the  oil  tank  size  for  this  scheme 
was  2.5  gal. 

b.  Blowdown  Plumbing 

The  No.  1,  4,  and  5 compartment  blowdown  pipes  were  all  1.0  in.  in  diameter  (OD). 

c.  Fual/Oil  Coolara 

(1)  Get  Generator  FuellOil  Cooler 

The  gas  generator  fuel/oil  cooler  was  a stainless  steel-plate-fin  heat  exchanger  in  a single- 
pass, cross-flow  configuration.  The  core  dimensions,  which  do  not  include  manifolds  were: 

Circumferential  Wrap  Length  = 20  in. 

Length  = 11.9  in. 

Thickness  = 0.8704  in. 

These  dimensions  did  not  include  manifolds. 

(2)  Augmentor  FuellOil  Cooler 

The  augmentor  fuel/oil  cooler  was  also  a stainless  steel  plate-fin  heat  exchanger  in  a single- 
pass, cross-flow  arrangement.  The  core  dimensions,  which  did  not  include  manifolds  are  as 
follows: 

Circumferential  Wrap  Length  = 10  in. 

Length  = 6.96  in. 

Thickness  = 0.8704  in. 
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d.  Alr/OII  Cooler 


The  air/oil  cooler  was  a finned-wall  configuration  which  replaced  the  inner  duct  fairing.  Its 
dimensions  were  as  follows; 


Circumferential  Wrap  Length 
Length 
Finned  Surface 
Spacing  Between  Fins 
Fin  Length  (in  direction  of  flow).  Staggered 
Total  Number  of  Fins 


50  in. 

14  in. 

1 by  '»  in. 
'/«  in. 

2 in. 

1372 


4.  SCHEME  III 

a.  Oil  Tank 

No  oil  tank  was  required;  each  bearing  compartment  was  an  oil  sump. 

b.  Oil  Supply  Pumps 

Pump  sizes  are  based  on  a vane  pump  design  speed  of  5000  rpm  and  a vane  element 
diameter  of  1.25  in.  Journal  bearing  radius  was  0.268  in.;  journal  length  was  0.500  in.  Housing 
thickness  was  0.125  in.  The  vane  width  for  each  supply  pump  was; 

Compartment  Number  Vane,  Width,  in. 

1 

2-3 

4 

5 

c.  Oil  Scavenge  Pumps 

Not  required. 

d.  Alternator 

Same  as  for  Scheme  I. 

e.  Oil  Filter 

Filter  element  volumes  were: 

Compartment  Number  Element  Volume,  in.‘ 

1 1.00 

2-3  6.75 

4 2.97 

5 0.89 

f.  Breather  Pipes 

All  compartment  breather  pipes  were  0.750  in.  Manifold  pipes  combining  all  compartment 
air  leakages  were  1.00  in. 


0.229 

1.534 

0.675 

0.203 
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g.  Deodar 


The  required  deoiler  size  was  a function  of  speed.  Figure  A- 1 illustrates  this  characteristic 
bivariately  with  air  pressure  drop  across  the  deoiler.  The  selected  sizes  are  shown  superimposed 
on  this  figure  and  summarized  below: 

Compartment  Number Deoiler  Diameter,  in. 

1 4.46 

2-3  5.6  (Same  as  F100-PW-100  Baseline) 

4 3.8 

5 4.46 


FD  «WM4 


Figure  A-l.  Deoiler  Sue  us  Deoiler  Speed 
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h.  Heat  Plpas 


The  heat  pipe  sizes  and  arrangement  are  shown  in  Figure  5.  The  evaporators  (located  within 
the  compartment)  were  shell  and  tube  configurations  with  tubes,  arranged  as  shown,  resulting 
with  a shell  diameter  of  4.2  in.  Tube  diameters  were  0.100  in.,  with  a 0.010-in.  wall  thickness.  The 
tube  wicks  were  0.006  in.  thick. 

The  ram  air  condenser  was  a series  of  shell  and  tube  coolers  with  the  air  flowing  through  the 
tubes.  A total  of  600  tubes  were  used  in  the  ram  air  condenser. 

The  augmentor  fuel  condenser  was  a series  of  shell  and  tube  coolers  with  the  fuel  flowing 
through  the  tubes.  A tube  through  the  center  core  allowed  part  of  the  fuel  to  bypass  the  condenser 
during  high  fuel  flow  maximum  augmentation  conditions.  The  augmentor  fuel  condenser  used 
200  tubes  that  had  a 0.100-in.  diameter  and  0.010-in.  wall  thickness. 

The  gas  generator  fuel  condenser  was  a series  of  shell  and  tube  coolers  with  the  fuel  flowing 
through  600  tubes. 

An  adiabatic  intermediate  media  transfer  tube  connected  the  evaporators  with  the 
condenser  for  each  compartment.  These  tubes  provided  a flowpath  for  the  steam  to  travel  from 
the  evaporators  to  the  condensers.  Wicks  inside  the  tubes  provided  the  path  for  the  water  to  be 
transferred  from  the  condensers  back  to  the  evaporators.  Transfer  tube  sizes  were  as  follows: 

Compartment  Number  Tube  OP,  in.  Wick  Thickness,  in. 


1 

0.250 

0.021 

2-3 

0.793 

0.082 

4 

0.673 

0.062 

5 

0.350 

0.034 

All  condensers  and  evaporators  were  of  stainless  steel  construction. 


S.  SCHEME  IV 

The  can  deaerator,  oil  filter,  deoiler,  air/oil,  and  fuel/oil  coolers  were  the  same  as  those  in  the 
F100-PW-100  baseline.  The  alternator  was  the  same  as  that  for  Scheme  I. 

a.  Oil  Tank 

The  removal  of  the  towershaft  from  the  No.  2-3  compartment  location  provided  maximum 
oil  tank  capacity  in  this  lubrication  scheme.  Mechanical  design  studies  showed  the  oil  tank 
capacity  for  this  scheme  to  be  3.03  gal. 

b.  Oil  Supply  Pumpa 

The  main  oil  pump  was  the  same  as  that  in  the  baseline  F100-PW-100.  No  boost  oil  pump 
was  required. 





173 


e.  Oil  Scavanga  Pump* 

The  scavenge  pumps  were  7-tooth/6-pitch  gear  elements.  The  element  widths  were  as 
follows: 


Compartment  Number Width,  in. 


1 

0.578 

2-3 

3.08 

4 

0.895 

5 

1.09 

6.  SCHEME  V 

a.  Oil  Tank 

The  design  goal  was  to  package  as  large  a tank  capacity  in  the  No.  2-3  bearing  compartment 
as  possible.  Mechanical  design  studies  showed  the  oil  tank  capacity  for  this  scheme  to  be  1.82  gal. 

b.  Oil  Pump 

The  oil  pump  was  a positive  displacement  vane  type  with  two  stacks  of  elements.  The 
supply  stack  ran  at  5000  rpm  and  consisted  of  the  main,  boost , and  No.  5 scavenge  elements.  The 
other  stack  included  the  No.  1,  2-3,  and  4 scavenge  elements  and  ran  at  3200  rpm.  Reduction 
gears  provided  the  drive  ratio  off  the  towershaft/gear  train.  Pertinent  envelope  dimensions  are 
shown  in  Figure  A-2. 


VANE  OIL  PUMP  DIMENSIONS 


Note:  Unless  Otherwise  Indicated, 
Dimensions  Are  in  Inches. 


FD  9S84S 


Figure  A-2.  Vane  Oil  f\imp  Dimensions 
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c.  Centrifugal  Oil  Fllter/Deoller 


The  centrifugal  oil  filter/deoiler  was  designed  to  serve  a dual  function.  This  device  filters  the 
oil  by  centrifuging  the  contaminants  out  radially  and.  in  addition,  separates  the  air  from  the  oil 
by  providing  vent  holes  and  passages  in  the  rotating  shaft  for  the  air  to  pass  through  on  the  way 
to  the  breather  valve.  A detailed  discussion  of  this  device  is  presented  in  the  design 
considerations,  including  a summary  of  performance  and  geometry. 

The  gas  generator  and  augmentor  fuel/oil  coolers  and  the  air/oil  coolers  were  the  same  as 
those  in  Scheme  H.  The  alternator  was  the  same  as  Scheme  I.  Plumbing  and  chip  detectors  were 
the  same  as  those  in  the  baseline  F100-PW-100. 


APPENDIX  B 

VULNERABLE  AREA  CALCULATIONS 


Table  B-l  shows  a summary  of  the  A vulnerable  areas  compared  to  the  baseline  engine  for 
each  of  the  six  views  for  “A”  and  "B”  kills  using  30-  and  50-caliber  projectiles  striking  lubrication 
system  components  at  1500  and  2500  ft/sec.  Table  B-2  shows  the  "A”  and  “B"  kill  values 
averaged  together  and  presented  as  a percentage  of  the  baseline  (F100-PW-100)  vulnerable  areas 
for  each  of  the  six  views.  These  values  were  then  multiplied  by  the  probability  of  a hit  from  each 
direction  (view  factor)  and  then  summed  up  for  "A”  and  "B”  kills  at  the  bottom  of  Table  B-2  for 
each  scheme.  The  “A”  and  "B”  kill  values  were  then  averaged,  and  the  ratio  of  this  value  for  the 
best  scheme  over  a given  scheme  provided  the  comparison  to  best  scheme  factor  for  that  scheme. 
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TABLE  B-l. 

VULNERABLE  AREA  Q OF  BASELINE,  IN.*)  OF  COMPARTMENTAL  LUBRICATION  SYSTEM 


View 

Scheme 

A 

30 

1500 

A 

50 

1500 

A 

30 

2500 

A - 

50  - 
2500  - 

Kill 

Cal 

ft/sec 

H 

30 

- 1500 

B 

50 

1500 

B 

30 

2500 

B 

50 

2500 

Front 

I 

+2.8 

-2.1 

+3.9 

+ 4.7 

-154.2 

-154.2 

-145.6 

-143.2 

II 

-5.6 

-7.1 

-5.6 

-2.0 

-180.8 

-177.4 

-173.4 

-168.2 

III 

+ 1.3 

-7.4 

-5.2 

-5.5 

-144.0 

-144.0 

-133.5 

-133.8 

IV 

+32.3 

+ 27.4 

+ 35.5 

+34.1 

-8.0 

-8.0 

+ 1.3 

+ 1.3 

V 

-5.6 

-7.1 

-5.6 

-2.0 

— 147.4 

- 144.0 

-144.0 

- 134.8 

Rear 

I 

+ 8.1 

+ 8.1 

+8.1 

+ 8.1 

-97.1 

-97.1 

-101.2 

-102.9 

n 

+ 1.4 

+ 11.3 

+ 4.4 

+ 16.5 

-65.0 

-51.5 

-64.7 

-49.7 

m 

-4.3 

+0.7 

-4.4 

+ 1.8 

-137.3 

-137.3 

— 141.4 

-143.1 

IV 

+ 11.5 

+ 14.3 

+ 18.6 

+ 26.2 

-58.0 

-58.0 

-55.7 

-53.0 

V 

+ 1.4 

+ 11.3 

+ 4.4 

+ 16.5 

-40.3 

-26.8 

-40.0 

-25.0 

Top 

i 

+53.8 

+ 55.8 

+ 49.7 

+ 53.6 

+ 54.1 

+ 38.6 

+50.5 

+ 23.1 

n 

+ 181.6 

+ 183.6 

+ 177.5 

+ 181.4 

+ 135.5 

+ 120.8 

+ 134.0 

+ 109.9 

hi 

+52.8 

+ 56.7 

+ 48.1 

+ 51.6 

-273.1 

-265.6 

-262.6 

-257.6 

IV 

+ 69.0 

+ 88.4 

+ 72.0 

+ 90.6 

+ 244.2 

+ 249.3 

+ 261.1 

+ 260.4 

V 

+ 181.6 

+ 183.6 

+ 177.5 

+ 181.4 

+ 75.9 

+ 139.8 

+ 148.2 

+ 120.7 

Bottom 

I 

-87.8 

-92.4 

-80.5 

-83.9 

-296.4 

-264.0 

-290.6 

-309.0 

ii 

-88.7 

-90.8 

-84.5 

-54.3 

-359.0 

-323.3 

-357.9 

-323.0 

in 

-88.7 

-92.8 

-85.7 

-82.6 

-379.2 

-323.3 

-372.2 

-358.4 

IV 

-90.6 

-95.3 

-85.8 

-90.8 

-303.8 

-246.9 

-283.5 

-247.2 

V 

-88.7 

-90.8 

-84.5 

-50.8 

-304.9 

-277.1 

-308.8 

-2&5.8 

Left  Side 

i 

-7.5 

-18.2 

-10.2 

-22.7 

-51.0 

44.0 

-49.0 

-74.2 

n 

-13.5 

-24.0 

-16.0 

-28.5 

+ 27.7 

+ 18.9 

+ 13.2 

-36.4 

in 

+27.1 

+ 25.7 

+ 23.2 

+ 21.2 

-292.1 

-278.6 

-288.0 

303.7 

IV 

-0.1 

-10.0 

-4.1 

-15.3 

+ 97.9 

+ 117.5 

+ 93.1 

+ 77.1 

V 

-16.4 

-29.1 

-17.1 

-30.3 

+ 120.8 

+ 127.9 

+ 121.1 

+ 95.8 

Right  Side 

i 

-47.8 

-45.9 

-49.9 

-49.4 

-3S2.6 

-375.1 

377.0 

-348.5 

n 

-54.1 

-52.2 

-56.2 

-55.7 

-306.3 

-306.9 

-308.4 

-307.4 

in 

-2.4 

-2.5 

-5.7 

-6.0 

-623.3 

-599.8 

-605.9 

-568.5 

IV 

-40.4 

-37.7 

-43.8 

-42.0 

-282.6 

-253.0 

-264.6 

-221.3 

V 

-56.9 

-57.4 

-55.6 

-54.7 

-246.0 

-226.1 

-231.0 

- 199.3 
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TABLE  B-2. 

VULNERABLE  AREA  — AVERAGE  OF  PERCENT  OF  BASELINE  COMPARTMEN- 

TAL  LUBRICATION  SYSTEM 


View 

Scheme 

View 

Factor,  ci 

A Kill 
Average 

A Kill 
Average 
Times 
Factor 

B Kill 
Average 

B Kill 
Average 
Times 
Factor 

A and  B 
Average 
With 
Factor 

Front 

I 

5 

108.0 

5.4 

41.7 

2.1 

n 

83.5 

4.2 

31.7 

1.6 

hi 

89.7 

4.5 

46.0 

2.3 

IV 

202.7 

10.1 

98.5 

4.9 

V 

83.5 

4.2 

44.7 

2.2 

Rear 

i 

15 

142.2 

21.3 

58.2 

8.7 

ii 

137.0 

20.5 

75.5 

11.3 

hi 

89.0 

13.3 

41.5 

6.2 

IV 

186.7 

28.0 

76.2 

11.4 

V 

137.0 

20.5 

86.2 

12.9 

Top 

i 

10 

151.2 

15.1 

108.0 

10.8 

ii 

275.2 

27.5 

124.0 

12.4 

hi 

150.7 

15.1 

48.5 

4.8 

IV 

175.5 

17.5 

149.0 

14.9 

V 

275.2 

27.5 

123.2 

12.3 

Bottom 

I 

30 

28.2 

8.5 

57.2 

17.2 

II 

31.7 

9.5 

49.2 

14.8 

in 

26.2 

7.9 

47.0 

14.1 

IV 

24.2 

7.G 

59.5 

17.8 

V 

32.5 

9.7 

56.5 

16.9 

Left  Side 

I 

20 

90.2 

18.0 

90.2 

18.0 

ii 

86.0 

17.2 

101.2 

20.2 

in 

118.2 

23.6 

46.5 

9.3 

IV 

95.7 

19.1 

118.0 

23.6 

V 

83.7 

16.7 

121.7 

24.3 

Right  Side 

i 

20 

72.2 

14.4 

56.0 

11.2 

ii 

69.0 

13.8 

64.2 

12.8 

hi 

97.7 

19.5 

29.7 

5.9 

IV 

76.5 

15.3 

70.0 

14.0 

V 

67.7 

13.5 

73.7 

14.7 

Total 

i 

100 

82.7 

68.0 

75.3 

ii 

92.7 

73.1 

82.9 

hi 

a3.9 

42.6 

63.2 

IV 

97.3 

86.6 

91.9 

V 

92.1 

83.3 

87.7 
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APPENDIX  C 

MAINTAINABILITY  AND  RELIABILITY  CALCULATIONS 


Table  C-l  shows  a component  breakdown  for  each  scheme  of  the  A maintenance  man-hours 
(MMH).  A part  discrepancies  per  million  engine  flight  hours  lEFH),  and  the  AMMH  per  million 
EFH  compared  to  the  baseline  F100-PW-100  engine.  Note  that  a negative  value  for  A part 
discrepancies  per  million  engine  flight  hours  means  that  this  scheme  has  better  reliability  than 
the  baseline  F100-PW-100.  All  five  schemes  required  more  total  maintenance  man-hours  per 
million  engine  flight  hours  than  the  baseline.  Consequently,  they  received  positive  values  for 
AMMH  per  million  EFH  and  lower  maintainability  ratings  than  the  baseline  engine. 


APPENDIX  0 

ACQUISITION  COST  BREAKDOWN 


Table  D-l  presents  the  cost  of  lubrication  system  components  compared  to  the  baseline 
F100-PW-100  engine  for  Schemes  I through  V.  A positive  A means  that  the  component  costs  more 
than  the  baseline  F100-PW-100  component  and  a negative  A reflects  a reduction  in  the  cost  of 
that  component.  Note  in  Scheme  II  that  reverting  back  to  the  baseline  cooler  system  results  in  a 
less  expensive  lubrication  system  than  that  of  the  baseline  F100-PW-100  engine. 

TABLE  D-l.  COST  SUMMARIES 


ADo  liars 

Scheme  I 

Alternator  — Factor  for  Size  A +314 

Oil  Tank  — Factor  for  Configuration  and  Size  A -369 

Gearbox  — No.  Change  — 

Strainers  and  Chip  Detectors  — No  Change  — 

Coolers  and  Filter  — No  Change  — 

Delete:  Boost  Pump  -317 

Delete:  Main  Oil  Pump  Housing  -780 

No.  1 Compartment  — 

Add:  2 Gears  and  Housing  +250 

Add:  Alternator  Can  Housing  +50 

No.  2-3  Compartment  — 

Add:  6 Drive  Gears  at  $65 

Add:  4 Bearings  at  $50  and  1 Housing  +350 

Add:  2 Pump  Housings  +350 

Add:  2 Pump  Housing  Supports  +200 

No.  4 Compartment  — 

Add:  Breather  Line  ' +155 

No.  5 Compartment  — 

Add:  2 Gears  +130 

Add:  Housing  +100 

Add:  Housing  Support  +120 

Total  A Scheme  1 +943 

Scheme  II 

Alternator  — Same  as  Scheme  I +314 

Oil  Tank  — Delete  80%  - 1 .476 

Gearbox  — Delete  Gears  and  Bearings  for  Oil  Pump  -628 

Fuel/Oi!  Coolers  +3,308 

Air/Oil  Cooler  +3,453 

Delete  Boost  Pump  "317 

No.  1 Compartment  — Alternator  Housing  +50 

No.  2-3  Compartment  — 

Add:  3 Drive  Gears  +195 

Add:  2 Bearings  and  Bearing  Housing  +175 

Add:  1 Pump  Housing  +175 

Add:  Pump  Housing  Support  +100 
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TABLE  D-l.  COST  SUMMARIES  (Continued) 


A Dollars 


Delete:  Main  Oil  Pump  Housing  — 780 

Delete:  3 Scavenge  Pump  Modules  -1,050 

Add  4 1-in.  Blowdown  Lines  -1-450 

Replace  4 Carbon  Seals  With  Labyrinth  Seals  -500 

Total  Scheme  II  A +3,469 

Scheme  III 

Delete:  16  Lubrication  Lines  -2,400 

Delete:  Main  Oil  Pump  Housing  and  Scavenge  Pumps  -1,830 

Delete:  Oil  Tank  (80%)  -1,476 

Delete:  Boost  Pump  -317 

Add  Alternator  +314 

No.  1 Compartment  — 

Add:  Deoiler  +219 

Add:  Deoiler  Shaft  + 150 

Add:  Deoiler  Bearings,  Housing,  and  Gear  +320 

Add:  Main  Drive  Gear  + 135 

Add:  Oil  Pump  With  Bypass  and  Gear  +350 

Add:  Filter  +276 

Add:  Sump  +150 

No.  2-3  Compartment  — 

Add:  Drive  Shaft  +125 

Add:  Housing  and  2 Bearings  +220 

Add:  4 Gears  +275 

Add:  Oil  Pump  with  Bvpass  +400 

Add:  Filter  +575 

Add:  Sump  +150 

No.  4 Compartment  — 

Add:  Deoiler  and  Shaft  +369 

Add:  Bearings,  Housing,  and  Gear  +320 

Add:  Main  Drive  Gear  +175 

Add:  Oil  Pump  with  Bypass  +350 

Add:  Filter  +375 

Add:  Sump  +150 

Pump  Drive  Shaft,  Bearings,  and  Housing  +320 

No.  i.  Compartment  — 

Add:  Deoiler  Shaft  Bearings,  and  Housings  +689 

Main  Drive  Gear  +225 

Oil  Pump  with  Bvpass  and  Gear  +350 

Filter  +276 

Sump  + 150 

Evaporator  Cost  — 

No.  1 Compartment  +754 

No.  2-3  Compartment  +4,879 

No.  4 Compartment  +3,733 

No.  5 Compartment  +1,094 

4 Breather  Lines  at  $300  Average  +1,200 
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TABLE  D-l.  COST  SUMMARIES  (Continued) 


4 Heat  Pipe  Linen,  4 x average  Oil  Line  ($150)  +$250  for  Each  Union  and  4 
Charging  Valves  for  Media  at  $250  ea,  3 service  unions  per  compartment 
4 Lines 

12  Service  Unions 
4 Valves 
Condenser  Cost 
Ram  Air  Cooler 

Add  $125  ea  for  8 Special  Unions 
(las  Generator  Fuel  Cooler 
Add  4 Unions 
Augmentor  Fuel  Cooler 
Add  8 Unions 

Subtract  Bill-of-Material  Coolers 


Scheme  III  Total  ^ 


Scheme  IV 


Oil  Tank  Like  Scheme  II 
Alternator  Like  Schemes  I and  II 
Add 

Splined  Shaft 

Angle  Case  Adapter 

Heat  Shielding 

Ball  Bearing  Sleeve 

Retaining  Ring,  Outer  Case 

Compartment  Housing 

Compartment  Housing  Bearing  Support 

Diffuser 

Fan  Case 

Total  Increase  From  Bill-of-Material  ^ 


SDoltar* 


+ 2,400 
+ 8,000 
+ 1.000 

+ 12,593 
+ 1.000 
+ 3,496 
+500 
+5,029 
+ 1,000 
-4.536 
-2,670 
+ 35,857 


-1,470 
+ 314 


+ 1,679 


Scheme  V 

Alternator  — Same  as  for  Schemes  I,  II.  and  IV 
Oil  Tank  — Same  as  for  Scheme  I 
Fuel/Oil  Coolers  — Same  as  for  Scheme  II 
Air/Oil  Cooler  — Same  as  for  Scheme  II 
Oil  Pump  — Vane  Type,  With  Support 
Gearbox  Delete  Deoiler  and  Filter,  Add  Combination  +A 
Add  Oil  Pump  Drive  System  Ref  Scheme  I — Add  5 Gears 
Add  6 Bearings  and  2 Housings 
Pump  Housing  Tradeoff 
Boost  Vane  Pump  vs  Gear  Pump 
Total  ^ 


+ 314 
369 
+ 3.308 
+3,453 
+ 675 
+ 262 
+ 325 
+ 540 


+ 9,1813 
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APPENOIX  E 

LIFE  CYCLE  COST  ANALYSIS 


Table  K 1 presents  t ht*  A 1 1 It*  cycle  cost  in  millions  of  dollars  lor  each  scheme,  compared  to 
the  Imselmc  FlOO-PW  100  engine  on  the  basis  of  the  following  ground  rules: 

l Air  superiority  fighter  application;  15-year  life  cycle 

2.  1000  total  engines  including  15  percent  uninstalled  spares 

3.  75  percent  of  installed  engines  o|>erational;  25  flight  hours  |>er  month. 

TABLE  E l 

LIFE  CYCLE  COST  ANALYSIS 


sue* 

( 'haw jf  (Millions) 


Scheme  I 

Move  Alternator  to  No.  1 Compartment  * 1.2 

Move  Scavenge  Pump  to  No.  1 Compartment  ♦ <>. 4 

Move  2-3  and  4 Scavenge  Pumps  to  No.  2-3  Compartment  * 1.9 

Move  No.  5 Scavenge  Pump  to  No.  5 Compartment  * 0.7 

Move  Oil  Pump  to  No.  2-3  Compartment  ♦ 0.2 

Move  Oil  Filter  to  No.  2-3  Compartment  4 0.1 

Move  Oil  Tank  to  No.  2-3  Compartment  0.9 

Move  Gearbox  to  Top  of  Engine  0.2 

Move  Fuel/Oil  Ctioler  to  Top  of  Engine  0 

Eliminate  Boost  Pump  0.5 

+2.9 


Scheme  II 

Move  Alternator  to  No.  1 Compartment  +1.0 

Scavenge  Revisions.  No.  I Compartment  1.2 

Scavenge  Revisions.  No.  2-3  Compartment  * 0.3 

Scavenge  Revisions,  No.  4 Compartment  2.1 

Scavenge  Revisions,  No.  5 Compartment  1.0 

Move  Oil  Pump  to  No.  2-3  Compartment  + 1.3 

Move  Oil  Filter  to  No.  2-3  Compartment  * 0. 1 

Move  Oil  Tank  to  No.  2-3  Compartment  2.5 

Move  Gearbox  to  Top  of  Engine  LI 

Redesign  and  Relocate  Fuel/Oil  Cooler  t 5.0 

Redesign  Air/Oil  Cooler  and  l-ocate  Inside  Duct  * 5.3 

Eliminate  Boost  Pump  0 5 


♦ 4.0 
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TABLE  E l 

LIFE  CYCLE  COST  ANALYSIS  (Continued) 


Chan/jf 

Scheme  III 

Move  Alternator  to  No.  1 Compartment 
Move  Gearbox  to  Top  of  Engine 
Redesign  No.  1 Compartment 
Redesign  No.  2-3  Compartment 
Redesign  No.  4 Compartment 
Redesign  No.  5 Compartment 


Scheme  IV 

Move  Alternator  to  No.  1 Compartment 
Mount  Gearbox  on  Top  of  Engine 
Move  PTO  From  No.  2-3  to  No.  4 Compartment 
Move  Oil  Tank  Inside  No.  2-3  Compartment 


Scheme  V 

Move  Alternator  to  No.  1 Compartment 
Mount  Gearbox  on  Top  of  Engine 
Move  Oil  Pump  Inside  No.  2-3  Compartment 
Move  Oil  Tank  Inside  No.  2-3  Compartment 
Redesign  and  Relocate  Fuel/Oil  Cooler 
Redesign  and  Relocate  Air/Oil  Cooler 


•All  Valuta  Art  Differentials  Compared  to  the  Baaelint  F100  Engine 


MCC* 

S (Millions) 


+ 0.9 
0.1 
+ 9.8 
+ 27.4 
+ 16.9 
+ 11.1 
+66.0 


+0.9 
-0.1 
+ 8.7 
-2.5 
+ 7.0 


+ 1.0 
+ 0.3 
+ 5.7 
- 1.0 
+ 5.0 
+ 5,4 
+ 16.4 
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APPENDIX  F 
WEIGHT  ANALYSIS 


Table  F l show*  the  differential  weight  of  all  five  candidate  schemes  on  a t'oni|K>nent  basis 
Note  that  all  five  achemea  had  a total  weight  greater  than  the  baseline  engine 

TABLE K 1 

WEIGHT  COMPARISONS  IX)  BASELINE  FHX)  PW  100  ENGINE 

AW,  ff> Item 

L-23l6t\i-l  Compart  merited  Lubrication  System  Scheme  I 

No.  I Hearing  Compartment 

+ 8.6  Alternator  (.ocated  in  No.  1 Compartment 

+ 7.9  Lubrication  System,  Scavenge  Pump,  Sump,  and  Filter 

No.  2-3  Bearing  Compartment 

- 3.3  Compart  mental  Oil  Tank 

- 1.3  Lubrication  System,  Oil  Pump,  Filter,  Plumbing.  Relief 

Valve,  and  Scavenge  Pumps 
*■  3.1  Revise  Intermediate  Case 

+ 15.0  Total  AW  Scheme  I 


L-£116tki-2  Compartmented  Lubrication  System  Scheme  II 

No.  1 Bearing  Compartment 
+ 7.6  Alternator  laicated  in  No.  I Compartment 

No.  2-3  Bearing  Compartment 

- 2.1  Compart  mental  Oil  Tank 

- 3.1  Lubrication  System,  Oil  Pump,  Filter,  and  Plumbing 
f 58.6  Air  Oil,  Fuel  Oil.  and  Augmentor  Fuel  Oil  Cooler* 

+ 61.0  Total  AW  Scheme  II 


L-231663-3  Compartmented  iMbrication  System  Scheme  III 

No.  1 Bearing  Compartment 

+ 9.2  Alternator  Located  in  No.  1 Compartment 

+ 6.5  Lubrication  System,  Oil  Pump,  Filter.  Deoiler,  and 

Evaporator 

No.  2-3  Bearing  Compartment 

- 13.0  Compartmental  Oil  Tank 

8.5  Lubrication  System,  Oil  Pump.  Filter,  and  Evaporator 

No.  4 Bearing  Compartment 
+ 20.0  Revise  No.  4 Bearing  Compartment 

+ 19.2  Lubrication  System.  Oil  Pump,  Filter,  Deoiler,  and 

Evaporator 
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TABUS  FI 

VVKIC.HT  COMPARISONS  IX)  HASKUNK  FIOO  PW  100  KNtilNK  (Con- 
tinued) 


A H.  lb 

* 4.1 

+ 3 0 

♦ S3. S 


* .«(> 
> 33  0 
• i50  0 


Item 

No  5 Ht-anng  Compartment 

Lubrication  System.  Oil  Ihimp,  Filter.  Deoiler,  and 
Kiopuralur 

Reuse  So  5 Bearing  Compartment 

Increased  Diameter  for  Foruard  Fan  Duet.  Rear  Fan  Duet, 
Combustor,  and  Diffuser 

Ram  Air,  Augmentor  Fuel,  arid  (fas  (fenerator  ('ondensers 
Heat  hpes  and  Hreather  Pipes 
Total  W Scheme  III 


L33I66.I  4 Compartmented  Lubrication  System  Scheme  l\ 

No  I Bearing  Compartment 

* 7.0  Alternator  l,ocated  tn  No.  1 Compartment 

No  2-3  Hearing  Compartment 
7.2  Compart  mental  Oil  Tank 

♦ 21  1 Transfer  Main  (lea rim*  From  No.  2-3  Hearing  Compartment 

to  No  4 Hearing  Compartment 

♦ 53.5  Increased  Diameter  for  Forward  Fan  Duct,  Hear  Fan  Duct. 
Combustor,  and  Diffuser 

* 75.0  Total  AW  Scheme  IV 


1.  231663-5  Compartmented  Lubrication  System  Scheme  \ 

No.  I Hearing  Compartment 

♦ 7.0  Alternator  Located  in  No  1 Compartment 

No  2-3  Hearing  ('ompartment 

4 0 Compartmental  Oil  Tank 

♦ 3.1  H«'vise  Intermediate  Case 

1.7  Lubrication  System.  Oil  Pump,  Filter,  Plumbing,  and  Relief 
Valve 

♦ 58  0 Air  Oil,  Fuel  Oil.  and  Augmentor  Fuel  Oil  Poolers 

♦ 03.0  Total  AW  Scheme  V 
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APPENDIX  G 

MANUFACTURING,  ASSEMBLY,  AND  DEVELOPMENT  ANALYSIS 
AND  SYSTEM  COMPROMISES 


Table  (11  provide*  « list  of  inimufacturinit,  assembly,  and  development  difficulties 
as**  tatcd  with  each  of  the  five  schemes,  plus  the  baseline  engine.  Table  (1-2  provides  a similar 
list  tor  lubrication  system  compromises. 


t AHi.it  u i 

MAVl  Mi  ll  HIM.  ASSKMHI  A AM'  1>K\  H Ol'MKM  CONSIOKKA'IIONS 


** 

turn 

f>itfnn<b 

1 

1 

I'tlluull  A**emblv  a*I  ('omponfftli  ln*tdr 
lom^flmenl* 

5 

*'balt  length  Waa  Itnrewned  to  Provide 
!>»»%»  for  No  3 Pump 

(1 

l 

DitTuuit  \**embb  a4  Component*  ln«ulr 
Cotnimrlmeni* 

* 

Internal  Air  I'll  C«*4er 

111 

1 

Wr>  Difficult  Tu  Wmble  romptnenli 
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APPENDIX  H 

SCAVENGE  SYSTEM  ANALYSES 


1.  BLOWDOWN  SYSTEM  RESULTS 

An  evaluation  of  the  scavenge  blowdown  system  was  performed  to  determine  required 
blowdown  line  sizes  and  resulting  compartmental  seal  leakages.  The  analyses  conducted 
considered  both  carbon  face  type  seals  and  labyrinth  seals  in  the  numbers  I,  4.  and  S bearing 
compartments  The  compartmental  environmental  pressures  and  temperatures  during  engine 
decelerations  were  taken  from  FX205-21  which  is  a typical  baseline  (F100-PW-100)  engine.  Using 
the  blowdown  scavenge  transient  computer  program,  (described  in  detail  in  Appendix  I). 
parametric  data  were  generated  to  determine  the  minimum  blowdown  line  size  permissible 
consistent  with  compartmental  oil  retention.  Incorporating  the  seal  environmental  pressures  and 
temperatures  from  FX205-21  into  the  simulation  model  provided  realistic  transient  compartment 
seal  conditions. 

Figures  H i,  H-2,  and  H-3  illustrate  the  compartment  pressure  transients  during  decel 
(from  intermediate  to  idle  thrust)  for  the  numbers  1,  4,  and  5 bearing  compartments, 
respectively,  utilizing  carbon  face  type  air  seals  To  properly  retain  the  lubrication  system  oil 
within  the  confines  of  the  bearing  compartment,  the  following  minimum  blowdown  line  sizes  were 
determined: 


Compartment 

Number 

1 

4 

5 


Minimum  Size * 
Blowdown  Line 
(ID  Inches) 

0.43 

0.60 


0.50 


•Note:  Applicable  to  Compartments  Ctilizing 
Carbon  Face  Air  Seals 

Figure  H-4  illustrates  the  air  leakage  across  the  carbon  face  seals  at  intermediate  power  for 
the  numbers  1,  4.  and  5 compartments  as  a function  of  blowdown  line  size.  A composite  plot  of 
the  compartmental  leakage  indicates  approximately  60  Ib/hour  total  flow  for  the  three  blowdown 
compartments. 

A similar  set  of  parametric  results  was  generated  utilizing  labyrinth  seals  instead  of  carbon 
face  seals  Figures  H-5.  H-6,  and  H-7  illustrate  the  compartment  pressure  transients  during  decel 
for  the  numbers  1,  4,  and  5 compartments,  respectively,  utilizing  labyrinth  type  air  seals. 

The  resulting  minimum  blowdown  line  sizes  required  to  prevent  compartmental  oil  loss  are 
tabulated  below: 


Compartment 

Number 

1 

4 

5 


Minimum  Size** 
Blowdown  Line 
(ID  Inches) 
0.60 
1.00 
0.75 


••Note  Applicable  to  Compartments  I'tilmng 
Labyrinth  Air  Seals 
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Figure  H ft  illustrates  the  air  leakage  across  the  labyrinth  >eal>  at  intermediate  power  tor  the 
number*  1,  4.  and  5 compartment*  as  a function  of  blowdown  line  si/e  A composite  plot  of  the 
compart mental  leakage  indicates  approximately  925  tb  hour  total  flow  (at  intermediate  |mwert 
tor  the  three  blowdown  compartment*.  This  is  more  than  15  times  the  rom|>osite  air  leakage  ot 
the  carbon  face  seal  system. 

2.  SCAVENGE  BREATHER  SYSTEM  RESULTS 

In  subsequent  evaluations  it  was  found  that  significant  rating  advantages  could  be  achieved 
by  eliminating  the  carbon  face  seal  assemblies  in  favor  of  the  labyrinth  type  air  seals.  These 
advantages  resulted  from  improvements  in  maintenance  man  hours  when  carbon  face  seals  were 
replaced  with  labyrinth  seals.  Unfortunately,  the  labyrinth  seals  resulted  in  excessive  air  leakage 
(*925  tb  hour  intermediate  power)  when  utilized  in  a scavenge  blowdown  system.  An  analysis 
was  conducted  in  which  labyrinth  seals  were  evaluated  in  conjunction  with  scavenge  pumps  st/ed 
to  minimize  air  leakage  and  to  prevent  compart  mental  oil  loss  during  engine  decel  The  analysis 
l described  in  detail  in  Appendix  .1)  indicated  that  this  scavenge  breather  system  was  practical 
from  both  an  air  leakage  and  an  oil  retention  standpoint 

Figure  H-9  illustrates  the  transient  seal  pressure  drop  during  engine  decel  for  the  numbers 
1,  4.  and  5 com  part  mental  air  seals  No  reversals  in  compartment  seal  Al*'s  occur. 

Figure  H-10  illustrates  the  transient  seal  air  leakage  occurring  during  engine  decel  for  the 
numbers  1,  4,  and  5 bearing  compartments.  A composite  air  ’eakage  of  approximately  Its!  tb  hour 
I intermediate  power)  provided  a competitive  performance  comparison  with  the  carbon  type  face 
seals  making  this  system  a practical  alternative  to  the  blowdown  scavenge  system  previously 
evaluated 


External  Compartment  Pressure 


Time  - sec 

Figure  H-l.  No.  1 Compartment  Blowdown  Transient  Utilizing  Carbon  Face 
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Time  - sec 

figure  H-2.  No.  4 Compartment  Blowdown  Transient  Utilizing  Carbon  Face  Seals 


External  Compartment  Pressure 


Time  - sec 

Figure  H-3.  No.  5 Compartment  Blowdown  Transient  Utilizing  Carbon  Face  Sea’s 


Compartmental  Air  Leakage  - Ib/sec 
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Blowdown  Scavenge  System 
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(1.)  Leakage  at  Intermediate  Power 
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(2.)  Compartments  Utilize  Carbon  Face  Seals  With  Secondary  Piston  Rings 
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(3.)  Seal  Leakage  Predicted  Per  FTD  5974 
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(4.)  Recommended  Minimum  Line  Size 
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Figure  H-4.  Blowdown  Scavenge  Air  Leakage  Utilizing  Carbon  Face  Seals 
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No  5 Compartment  Blowdown 
Transient;  Intermediate  to 
Idle  Thrust 


Time  - sec 

Figure  H-7.  No.  5 Compartment  Blowdown  Transient  Utilizing  Labyrinth  Seals 


Compartmental 


Figure  HS.  Rloudown  Scavenge  Air  Leakage  Utilizing  Labyrinth  Airseala 


APPENDIX  I 

BLOWDOWN  SCAVENGE  ANALYSIS 


1.  BLOWDOWN  SCAVENGE  SYSTEM 

A computer  program  was  formulated  to  predict  the  transient  performance  of  a typical 
bearing  compartment  utilizing  a blowdown  scavenge  system.  Figure  1-1  illustrates  the  basic 
elements  comprising  the  bearing  compartment  and  scavenge  system. 


The  following  assumptions  are  made: 

• The  compartmental  air  temperature  assumes  the  temperature  of  the  oil  after 
mixing. 

• The  blowdown  process  is  isothermal. 

• Air  and  oil  viscosity  remain  constant  during  the  transient. 

• Oil  flowrate  through  oil  jet  is  a function  of  pump  speed  (nonregulated  lube 
system  with  positive  displacement  supply  pump). 

• Scavenge  sink  pressure  (P,«„k)  is  constant  and  approximately  ambient. 


wm 
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2.  DESCRIPTION  OF  COMPARTMENT  PRESSURE 


At  any  point  in  time  the  compartment  pressure  may  be  described  by  the  perfect  (las  Law: 

...  „ (MA)(R)(T<,„) 

U)  * r, 


where: 

M*  = Mass  of  air  inside  compartment,  (tbm) 

R ■ 640.3  in.-tb(/tbI11-°R;  (gas  constant) 

Tol,  - Oil  temperature,  °R 
VA  = Volume  of  air  in  compartment,  in.* 

P...m  * Compartment  pressure,  psia 

The  rate  of  change  of  compartment  pressure  with  respect  to  time  can  be  determined  by 
differentiating  equation  (1): 


(2) 


dP, 


dt 


P„.m  =(  ) M*  -(  M<^,T-'L  ) v* 


Since 


MA  - <WA  - WABLt) 

where: 


WA  = Compartment  seal  air  leakage  (tb/sec) 
W abu.  = Air  flow  through  blowdown  line  (tb/sec) 


and 


R T„u 

VA 


Then 


(3)  P™,  - [R(T„„)/VA|(WA  - WABLL)  - (Prom/VA)(VA) 

The  term  VA  is  the  time  rate  of  change  of  air  volume  within  the  compartment  and  is 
described  by: 

(4)  VA  = (l/Po)|WoBU.  - W„| 

where: 

W„Bu.  ” Oil  flow  through  blowdown  line  (Ib/sec) 

W„  - Oil  jet  flow  into  compartment  (lb/ sec) 
p„  « Oil  density  (tb/in.*) 

Combining  equations  (3)  and  (4)  yields: 

(5)  Prom  - [R(To11)/Va1  (WA  - WABU.)  - [Prom/VA]  (l/p„)(WoBLl.  - W„) 
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3.  DESCRIPTION  OF  COMPARTMENT  AIR  LEAKAGE  (Wa) 

The  blowdown  scavenge  simulation  provided  an  option  permitting  either  carbon  face  or 
labyrinth  type  air  seals  to  be  considered. 

•.  Carbon  Faca  Saala 

The  airflow  through  carbon  face  seals  was  computed  by  the  general  isentropic  flow  equation. 
(6)  Wa  = (Pj.rMAyjd 

V * air 

where: 


f(  PB  if/P  com  I = Isentropic  flow  parameter 

P.m  T.i,  = Pressure,  temperature  outside  of  compartment  seal,  psia,  °R 
Agrr  = Seal  effective  area,  in.* 

The  seal  effective  area  was  determined  from  empirical  test  data  and  is  computed  as  follows: 
(A(rr)..rt>on  = (0.000429)(Dcr) 

where: 

D,r  = Diameter  of  carbon  face 
(A<rr)p,.,0„  rl„  = (0.000143)(Dp„) 


where: 


Dpr  = Diameter  of  secondary  piston  ring  seal 

(7)  Acrr  » Total  leakage  area  = (ABrr)«r*on  >.<•»  + (AB,r)D,„on  rm« 

b.  Labyrinth  Saala 

The  airflow  through  labyrinth  type  air  seals  was  computed  by  the  use  of  seal  flow 
parameters  determined  from  test.  Figure  1-2  illustrates  flow  parameters  for  various  labyrinth 
configurations.  The  flow  characteristics  shown  were  incorporated  into  the  program  as  an 
available  option. 

4.  DESCRIPTION  OF  COMPARTMENT  OIL  FLOW  (Wo) 

The  oil  jets  were  assumed  to  be  supplied  by  a positive  displacement  lubrication  pump 
operating  in  a nonregulated  system.  The  oil  jet  flowrate  was  therefore  assumed  to  track  pump 
speed  (linearly).  The  blowdown  transient  simulation  incorporates  a pump  speed  versus  time 
characteristic  as  input  (along  with  engine  pressures  and  temperatures)  and  computes  the  oil  jet 
flowrate  at  each  discrete  time  increment  as  a function  of  this  characteristic. 
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Flow  Parameter 


Labyrinth  Seal  Flow 
Parameter  as  a 
Function  of  Seal 
Pressure  Ratio 


1  Lip  - Without  Spoilers 


2  Lips  - With  Spoilers 


3  Lips  - With  Spoilers 


4  Lips  - With  Spoilers 


Seal  Air  Leakage  - Ib/sec 
Seal  Air  Temperature  - °R 
Seal  Upstream  Pressure  - psia 

Seal  Geometric  Flow  Area  - in2 


Seal  Pressure  Ratio 


Figure  1-2.  Labyrinth  Seal  Flow  Parameter  as  a Function  of  Seal  Pressure  Ratio 


S.  DESCRIPTION  OF  MIXED  (TWO-COMPONENT)  FLOW  THROUGH  BLOWDOWN  LINE 


The  two-component  flow  analysis  of  the  blowdown  line  was  based  on  rig  tests  conducted  in 
support  of  scavenge  plumbing  configuration  evaluation  for  the  FlOO-PW- ltK)  lubrication  system. 
Three  sets  of  scavenge  plumbing  were  evaluated  for  their  impact  on  pump  performance.  The  flow 
test  data  was  normalized  to  fit  a generalized  flow  parameter.  'This  was  achieved  through  the  use 
of  a pressure  loss  modulus  (Martinelli,  Reference  1 ) applicable  to  a flow  regime  which  is  turbulent 
for  both  the  air  and  oil.  Figure  1-3  illustrates  the  two-phase  flow  parameter  characteristic  used  in 
the  blowdown  simulation.  The  flow  parameter  is  shown  as  a function  of  line  pressure  ratio  and  is 
in  the  following  form: 


Flow  Parameter 


PA 


Function  of  Line  Pressure  Ratio 


where: 


0u  * Flow  modulus  (see  Reference  1)  referred  to  as  a “Martinelli  factor” 

T Temperature  of  the  air  in  the  blowdown  pipe  (assumed  equal  to  the 

oil  temperature),  °R 
K Blowdown  line  loss  coefficient 

P Blowdown  line  upstream  pressure,  psia 

A * Blowdown  line  flow  area,  in.’ 

w Blowdown  line  airflow,  tb/sec. 

Adapting  the  generalized  two-phase  flow  parameter  to  the  blowdown  scavenge  simulation 
results  in  the  following  transformation: 


Flow  Parameter 


(0,,)  \ATt,;„mk  mi.) 

(B.ciiiiMAhi.) 


(WABI.) 


where: 


w/4(D„nr)'  « Blowdown  line  flow  area  (D|ltlr  is  the  II)  of  blowdown 
pipe) 

Blowdown  line  loss  coefficient  based  on  unaerated  oil  loss  (i.e., 

K.u,  = f(v4fl/D  f v K^n„.  + 1 K,urn.) 

Airflow  in  blowdown  line. 


«.  FLOW  MODULUS,  *tt 

The  term  0„  is  the  flow  modulus  which  relates  Ihe  U>ss  of  the  two-component  mixture  to 
that  of  a simple  air  system  This  is  defined  in  Reference  1 ns  follows: 


(t^P/a^Ulwt,  ,>haar  * I*  (AP/liDalr 

The  procedure  for  determining  the  flow  modulus,  0„,  is  ns  follows: 
Compute 

I.  Oil  to  airflow  ratio  in  blowdown  line,  ( w„,, >m.i./( wA,„  ) 
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Two-Phase  Flow  Parameter  - 


Two-Phase  Flow  Parameter  as  a Function  of  Pressure  Ratio  (Applies  to  a Flow  Regime  tn  Which 
the  Air  and  Oil  Flow  Are  Both  Turbulent) 


0 50 


I 


Figure  Tunt-Phase  Flow  I'arameter  as  a Function  of  Pressure  Ratio 
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2.  Air  to  oil  density  ratio  in  blowdown  line,  xrn  p„i Jp„ 
where: 

1 1 , mu  t I lt,nll  | 

2 R(T,,„) 

:t.  Oil  to  air  viscosity  ratio: 


Xr\  uJn  all 


where: 


Mntr 


Viscosity  of  the  oil 
Viscosity  of  the  air 


4.  Two-component  flow  modulus,  v 


\ Xu 


HxTv)om  ( Xr,<)° ***  (XJI°‘ 


5.  Determine  flow  modulus.  0,,^  from  figure  1-4  (taken  from  Reference  U.  0,1 
is  shown  as  a function  of  \ 

7.  DESCRIPTION  OF  TRANSIENT  SIMULATION  MODEL 

The  preceding  equations  describe  the  various  components  which,  when  taken  together, 
comprise  the  total  blowdown  scavenge  system.  The  description  which  follows  describes  the 
manner  in  which  the  previously  discussed  building  blocks  were  assembled  in  a transient 
computer  program. 

8.  COMPUTER  PROGRAM 

The  computer  program  is  in  two  basic  parts.  The  initial  part  is  a steady-state  solution  of  the 
scavenge  system  prior  to  the  transient.  The  results  of  this  section  were  vised  as  initialized 
conditions  for  the  transient  portion  (latter  parti.  This  provided  the  correct  boundary  conditions 
for  the  transient  analysis  and  assured  continuity  during  the  transition  from  steady  state  to 
deceleration 

•.  Part  I — Staady-Stata 

The  basic  input  to  the  program  includes  bearing  compartment  environmental  air  pressures 
and  temperatures  as  well  as  the  oil  flowrate  and  temperature.  The  program  iterates  on  the 
compartment  pressure,  1’, until  a steady-state  solution  is  achieved  in  which  the  air  and  oil  flow 
into  the  compartment  is  matched  with  the  air  and  oil  flow  in  the  scavenge  blowdown  line.  All 
required  air  and  oil  properties  (viscosity,  density)  are  built  internally  into  the  program  as  a 
function  of  temperature. 
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Modulus  as  a Function  of  Two- 
Component  Flow  Modulus  v/Xft  ; 
Liquid  and  Qas  Flow  Regimes 


Kl'  101791 

Figure  1-4.  Two  Component  Flow  Modulus 
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b.  Part  II  — Transient 


The  compartment  seal  outside  pressure  and  temperature  and  oil  pump  s|H*ed  decay  rates  for 
a typical  baseline  engine  are  input  programed.  The  initial  compartment  pressure  (prior  to 
deceleration)  is  taken  from  the  preceding  steady-state  solution.  The  transient  solution  utilizes  a 
numerical  integration  technique  employing  the  following  sequence  of  computations: 


Step  Compute 


procedure 


(1)  Seal  outside  pressure  and  tem- 
perature; oil  pump  speed  and  oil 
jet  flow 

(2)  Air  leakage  through  seal 

(3)  Air  and  oil  flowrates  through 
blowdown  line 

(4)  Compartment  air  volume  time 
rate  of  change 

(5)  Compartment  pressure  time 
rate  of  change 

(6)  Compartment  air  volume 

VA  - VAr  + VA  (dT) 

where: 


Input  programed  as  a function 
of  time;  oil  jet  flow  determined 
from  pump  speed 

Kquation  <5  (for  carbon  seals)  or 
Figure  1-2  for  labyrinth  senls 

Use  the  two  component  flow 
procedure  previously  described 

Kquation  4 


Kquation  ft 


VAr  * Compartment  air  volume  from  preceding  time  increment 
dT  - Calculating  time  increment 

VA  Instantaneous  time  rate  of  compartment  air  volume  (from  Step  4) 


(7)  Compartment  pressure 

P.™  " K,m„  + Pen,  (dT) 

where: 


Yems  " Compartment  pressure  from  preceding  time  increment 
P.om„  Instantaneous  time  rate  of  change  of  compartment  pressure  (from 

Step  ft) 


Upon  completion  of  Step  7 the  program  calculates  a new  time  (Time  Time,, dT) 
and  returns  to  Step  1 where  the  entire  sequence  of  computations  is  recycled.  As  in  all  numerical 
integration  techniques  the  time  increment  is  selected  sufficiently  small  to  assure  accuracy.  A 
calculating  time  increment  smaller  than  1/10  the  compartment  volume  time  constant  provides 
this  assurance. 


9.  TWO-COMPONENT  PRESSURE  LOSS  CORRELATION 


A correlation  between  the  two-component  How  model  used  in  the  blowdown  scavenge 
simulation  and  the  No.  .'1/3' compartment  blowdown  scavenge  system  of  the  JT15D  was 
performed.  The  JT15D  is  a production  engine  (Pratt  & Whitney  Aircraft  of  Canada)  in  a less  than 
10, (XX)  lb  thrust  class  which  utilizes  a blowdown  scavenge  system  in  the  No.  3/3 1 . compartment. 
The  JT15D  blowdown  line  resistance  (from  compartment  to  gearbox)  is  heavily  dominated  by  a 

0.300  diameter  section  of  plumbing  designed  to  provide  a compartment  backpressure  effect  to 
minimize  seal  air  leakage  by  reducing  seal  AP. 

Figure  1-5  illustrates  the  prediced  (low  characteristics  of  the  blowdown  line  for  steady -state 
pressure  and  temperature  conditions  taken  from  the  JT15D.  Superimposed  on  this  figure  are  the 
estimated  .JT15D  No.  3/3 1 a compartment  air  and  oil  flows.  The  two-component  flow  model 
predicts  approximately  75  percent  of  the  estimated  -IT  151)  air  leakage  at  the  estimated  .IT  15D  oil 
flow. 

No  compartment  transient  pressure  data  is  available  from  the  JT15D  for  comparison  with 
the  transient  simulation  used  in  the  blowdown  scavenge  studies. 
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APPENDIX  J 

8CAVENQE  BREATHER  ANALYSIS 
1.  SCAVENGE  BREATHER  8YSTEM 

A computer  program  was  utilized  to  evaluate  the  transient  hearing  compartment  pressure 
characteristics  during  engine  deceleration  from  intermediate  power  to  idle.  This  program 
simulates  the  scavenge  breather  system  and  predicts  transient  compartment  pressure  in  a 
manner  similar  to  the  blowdown  system  simulation  which  is  described  in  detail  in  Appendix  I. 
The  scavenge  breather  system  differs  from  the  blowdown  system  primarily  in  the  use  of  a 
scavenge  pump  to  transfer  the  compartmental  air  leakage  and  oil  flow  from  the  compartment  to 
the  oil  tank.  Figure  J-l  illustrates  the  basic  elements  comprising  the  scavenge  breather  system. 


Compartment 
Air  Seal 


The  scavenge  pump  is  a positive  displacement  type  pump  whose  volumetric  flow  capacity 
is  proportional  to  pump  speed.  The  scavenge  pump  is  sized  in  excess  of  the  oil  flow  requirement 
to  assure  positive  air  sealing  during  engine  deceleration. 

During  steady-state  operation,  the  compartmental  air  seal  leakage  and  oil  jet  flow  are 
balanced  by  the  scavenge  pump  flow  output,  i.e., 

(1)  Qp  = Qoll  Q«lr 
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where: 

QP  - Volumetric  flow  output  of  scavenge  pump  - in.’/sec 
Q»n  = Volumetric  oil  flow  into  compartment  - in.’/sec 
Q.  = Volumetric  air  flow  into  compartment  - in.'/sec 


(2,  3)  Since  QA  = W./p.  and  Qol,  = W0ll/p0 


where: 

W. 

. p * 
W011 

Po 


Mass  airflow  leakage  across  compartment  air  seals  - Ib/sec 
Compartment  air  density  - lb/in.* 

Oil  jet  flow  - Ib/sec 
Oil  density  - lb/in.* 


Substitution  of  Equations  2,  3 into  Equation  1 and  applying  the  equation  of  state  yields: 


(4)  QP 


WalL+  W,RTt„ 

Po  P com 


As  discussed  previously  in  Appendix  I,  the  compartment  air  is  assumed  to  stabilize  at  oil 
temperature  after  mixing.  Solving  the  above  equation  for  compartment  pressure  yields: 


(5)  P com  = 


<W.)<R)(T.„> 
[Qp  - Woll/p„] 


Equation  5 yields  the  steady-state  compartment  pressure  as  a function  of  scavenge  pump 
capacity,  air  leakage,  oil  temperature  and  oil  flowrate.  The  compartmental  air  leakage  during 
steady -state  operation  is  dictated  by  the  scavenge  pump  capacity  since  it  sets  the  pressure  in  the 
compartment  which  in  turn  determines  the  compartmental  air  seal  pressure  differential. 

The  compartmental  air  leakage  and  compartment  pressure  equations  must  be  solved 
simultaneously  for  a unique  solution  to  exist; 

(6)  WA  = f(P.lr,  P com,  Ag^f,  Tair) 


(See  Appendix  I for  detail  seal  flow  model.) 

The  computer  program  iterates  on  compartment  pressure  (P,.om)  until  the  air  leakage  in 
Equations  5 and  6 balance. 
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2.  TRANSIENT  SIMULATION 

Once  a steady-state  solution  is  achieved  the  results  are  used  as  initialized  conditions  prior 
to  the  engine  deceleration.  The  transient  pressure  analysis  is  the  same  as  previously  discussed  in 
Appendix  I except  for  the  time  rate  of  change  of  air  mass  in  the  compartment.  Accounting  for  the 
scavenge  pump  airflow  and  eliminating  the  blowdown  line  yields  the  following: 

ma  - VVA  - WAP 

where: 

WAP  = Air  flowrate  through  scavenge  pump  - tb/sec 
since: 

WAp  = p.  Q.  ~ Prom/RCToll)  IQp  — WoU/p„l 
Therefore: 

(7)  M.  = WA  - (Prora)/(R)(Totl>fQp  * W„,yp„l 

The  compartment  pressure  is  computed  during  the  transient  by  integrating  the  compart- 
ment air  mass  and  computing  the  pressure  time  derivative  in  discrete  time  increments  as 
discussed  in  Appendix  I.  Compartment  seal  outside  pressure  and  temperature  and  oil 
supply/8cavenge  pump  speed  decay  rates  for  a typical  baseline  engine  (for  an  engine  deceleration) 
are  input  programed.  The  scavenge  pump  flow  capacity  is  computed  from  the  rotor  speed  at  each 
time  increment  in  the  transient  along  with  all  the  other  parameters. 

Comments  made  in  Appendix  I relative  to  the  selection  of  the  magnitude  of  the  time 
increment  applies  equally  well  here. 
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APPENDIX  K 
OIL  PUMP  DESIGN 


OIL  PUMP  GEAR  STRESSES: 

known: 


hp 

(■ear  pitch  dia 
No.  Teeth 
Diametrical  Pitch 
Pressure  Angle 
X Factor 

Hertz  Stress  Allowable 

REQUIRED  FACE  WIDTH 


4.0  or,  2 hp/stage 
0.5628  in. 

9 

16 

28° 

0.033 

100.000  psi 


0.7  X E x W x (Mu  + 1) 
h sin  2 *(d)  (Sc)*  (M0) 

W - Tangential  tooth  load  - “ 1)^562^  “ -8  lb 


T 


63,000  x 2 

10,000 


12.6  in.  - tb 


M0  - gear  ratio  - 1:1 
d - pitch  dia. 

Sc  ■ Herts  stress  allowable  " 100,000  psi 
0 * pressure  angle  - 28s 
F - Face  width 


0.7  x E x 44.8  X 2 
sin  ( ( 2)(28* )]  (0  5625)1 100,000)* 


0.403 


Actual  F “ 1.674 


(Actual  Herts  Stress)*  - (100,000)*  - 49,065  psi 


. 100,000 

49,065 


2.038 
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Now  determine  cyclic  bending  stress  for  gear  teeth. 
1.  Find  Dynamic  Tooth  Load: 


Wd 


0.06V  [FC+W] 
0.06V  + tFC  + W]" 


V = pitch  line  velocity  ft/min  = 1473  ft/min 
F = face  width  = 1.674 
C * error  factor  = 960 
W = tangential  load  (LB)  = 44.8  LB 

Wd  = (0  06>  (1473)  t 1 674  (950)  4 44  ^ + 44  8 

0.05  (1473)  + [ 1.674  (950)  + 44.8]" 


Wd  = 1101  LB 


2.  Now  calculate  allowable  tooth  load: 

_ (0,667)  (S.)  (F)  (X) 
we  K 

We  = allowable  load 
Sa  = bending  stress  (cyclic)  = 63,000  psi 
F = face  width 

X = tooth  factor  determined  from  layout  = 0.033 
K = stress  concentration  factor  = 1.5 

We  = (0.667)  (63,000)  (1.674)  (0.033)  = lg47 


COMPARTMENTAL  LUBRICATION  SYSTEM  OIL  PUMP  DESIGN 

1.  Objactlva 

Scale  the  ST-9  oil  pump  to  F100  oil  flows  using  ST-9  rig  data  and  calculated  leakage  flows. 

2.  Calculation  of  Running  (300°F)  End  Plata  Claaranca  for  ST-9 


0.801 

0.8005 

0.800 


0.7995 

f-e 0.7990 

1 0.7985 


Cold  Clearances 
Max  Nominal  Min 

0.8010  0.8005  0.8000 

-07985  - 0.7990  - 0.7995 
2X  = 0.0025  0.0015  0 0005 


a.  Gaar  Longth  Growth  at  300°F 

At  = «LJT 

For  AMS-6470  or  AMS-6260.  a = 6.6  X 10  • in./in./°F 
(See  Figure  K-l)  at  (300°F) 

At  = (6.6  X 10  * in./in./°F)  (0.79951(300  - 681  =0.0012242  = 0.00122  in. 

(0.79901  0.0012234 

(0.7985)  0.0012227 

b.  Sholl  Longth  Growth  at  300°F 

For  AMS  4120  at  300°F  a = 12.98  X 10  * in./in./°F 

At  = (12.98  X 10  • in./in./°F)  (0.8011(300  - 68)  = 0.002412 

(0.8005)  0.002411 

(0.800)  0.002409 


Lengths  at  300°F 


Gear Shell 

0.7995  0.7990  0.7985  0.8010  0.8005  0.8000 

0.0012  0.0012  0.0012  0.0024  0.0024  0.0024 

0.8007  0.8002  0.7997  0.8034  0.8029  0.8024 


Max 

Nominal 

Min 

0.8034 

0.8029 

0.8024 

-0.7997 

-0.8002 

-0.8007 

2X  = 0.0037 

0.0027 

0.0017 
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c.  Utlng  Actual  Pump  Maaauramantt 

dear  Length  (driven*  0.7983  (driver)  0.7981 
average  ■ 0.7982 
Housing  length  0.8012 

clearance  0.8012  0.7982  = 0.0030  in. 

Gear  Growth 

M ,.LaT  * (6.6  x 10  • in . /in. /° FI  (0.7982)  (300  68)  0.00122  in. 

Running  Length  0.7982  + 0.0012  79942 

Shall  Growth 

M «LaT  (12.98  X 10  • in./in./°F)  (0.8012)  (300  - 68)  = 0.0024127 
Running  length  0.8012  + 0.1X124  0.80361 

Running  Clearance  « 0.80361  - 0.79942  ~ 0.00419 

End  I'late  .4reo  Calculation 


— k—  0.0041927 


Shaft  Growth  - (6.6  X 10  * in./in./°F)  (0.3738)  (300  - 68)  = 0.00057 
Diameter  = 0.3738  + 0.00057  * 0.3744 

Side  plate  total  length  cold  = (2)  (gear  pitch  radius)  + (2)  (gear  outside  radius) 

Side  plate  total  length  cold  - (2)  (0.28125)  + (2)  (0.34075)  = 1.244 
AD  - (12.98  x 10  • in/m./°F)  (1.244)000  - 68)  = 0.003746 
Side  plate  total  length  hot  - 1.244  + 0.0037  = 1.2477 

Total  Flow  Area  = (1.2477  - (2)  (0.3744))  (0.0041927)  = 0.002316 

■s  total  side  plate  leakage  area  = 0.002316/2  = 0.0011578 
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b.  Clearance  at  Running  Condltlona 


Sht'll  « (AMS  4120)  Ht  300°F  in  12.98  X 10  * in./m./°F 
AD  «DAT 

All  (12.98  X 10  • in./»n./°F)  (1.4.175)  (300  88)  0.004329  0.0043 

(1.4373)  0.004328 

(1.4371)  0.004328 

New  Shell  Oil  - 1.4375  + 0.0043  - 1.4418 
1.4373  1.4416 

1.4371  1.4414 

HtmeinK  <»  (AMS  4215)  nt  300#F  in  12.7  X 10  * in./in./°F 
AH  uIlAT 

AD  (12.7  X 10  • in./in./°F)  (1.4385)  (300  - 68)  0.0042384  0.0042 

(1.4381)  0.0042372 

(1.4377)  0.0042360 

New  Housing  III  - 1.4385  + 0.0042  - 1.4427 
1.4381  1.4423 

1.4377  1.4419 


Hot  ('Iraranrr 


Max 

Nominal 

Min 

1.4427 

1 .4423 

1.4419 

1.4414 

1.4416 

1.4418 

0.0013 

0.0007 

0.0001 

c.  Actual  Cold  Clearance  from  Build  Maaauramant a 

('lenrnnce  - 1.4385  1.4376  * 0.0009  in. 


d.  Running  Clearance 


All  shell  - (12.98  X 10  • in./in./°F)  (1.4:176)  (3041  68)  - 0.004329 

SO  housing  - (12.9  X 10  • in./in./°F)  (1.4385)  (300  - 68)  = 0.004305 


4A (4)  (0,000723) 

WP  * (2)  (0.8036)  + (2)  (0.0009) 


1.7974 


OD  shell  300°F  - 1.4376  + 0.0043  - 1.4419 
ID  housing  300° F - 1.4385  + 0.0043  - 1.4428 


Running  Clearance  - 1.4428  - 14419  - 0.0009 


Running  Aren 
0.0009  X 0.8036 
- 0.000723  in.' 
Each  Side 


4.  Qear  Teeth  Clearance 


a.  Note* 

(I)  Ignore  journal  tolerance  since  this  could  result  in  a negative  clearance. 
Assume  gear  shaft  is  running  in  center  of  journal. 

(II)  Ignore  mismatch  between  end  plates  and  shell  since  a mismatch  that  closes 
down  clearance  on  one  side  of  the  pump  will  open  up  clearance  on  other  side 
of  pump. 

b.  Cold  Cleerencea 


0.0015 


fP 


0.001 

.0005" 


Ignore  Bearing 
Tolerance 


Cold  Clearance  on  each  contracting  tooth  - 

0.3410  - 0.3395  - 0.0015  max 

0.34075  - 0.339625  - 0.001125  nom 
0.3405  - 0.33975  - 0.00075  min 
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c.  Running  (300° F)  Claarancat 
Qaar  Dlmantrlcal  Growth 


AD  = aDAT 

AD  = (6.6  X 10*  in./in./°F) 


Running  Gear  Diametera 


Shall  Growth 


(0.6795)  (300  - 68) 
(0.67925) 

(0.6790) 


0.6805 

0.68025 

0.6800 


Diameter  = (2)  (0.28125)  + 


0.00104045 
0.00104007  = 0.0010 
0.00103968 


(2)  (0.3410) 
(0.34075) 
(0.3405) 


Radius  = 0.34025  * 0.34025 
0.340125  * 0.34013 
0.3400  * 0.34000 


New 

Diameter 

1.2445  1.2482  = 1.2445  + 0.0037 

1.244  1.2477  = 1.244  + 0.0037 

1.2435  1.2472  = 1.2435  + 0.0037 


AD 

AD 


aDAT 

(12.98  X 10  *) 


New  Shell  Radius 


(1.2445)  (300  - 68)  =0.0037476 
(1.244)  0.0037461  = 0.0037 

(1.2435)  0.0037446 


, New  Diameter  - (2)  <0.28125)  , „ ^ _ „ w25|/2  , 0342#5 

= (1.2477  - 0.5625)/2  = 0.3426 
= (1.2472  - 0.5625)/2  = 0.34235 

New  Running  Clearance 


Max 


Nominal  Min 


0.34285  0.342600  0.34235 

-0.34000  -0.340125  -0.34025 

0.00285  0.002475  0.00210 

Now  assume  shaft  runs  on  outside  of  end  plate  hole  under  high  pressure.  This  will  decrease 
clearance  0.001  in.  making  nominal  clearance  0.001475  in. 


Flow  area  through  teeth  is  (0.7982)  (0.001475)  = 0.0011773  in.* 


Note  we  can  have  three  teeth  in  contact  so  we  have  three  orifices  in  series. 


1 


A,* 


+ + : 

(0.001173)*  (0.001173)'  (0.001173)' 


1 

A,* 


2180345.06 
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Effective  area  through  (3)  teeth 

A,  = 6.7723  X 10-‘  = 0.00067723  in.* 

Note  that  this  is  for  each  side  of  the  pump  or  Vt  leakage.  For  total  leakage  through  the 
pump 

A,„th  = (2)  (0.00067723)  = 0.00135446 


From  Figure  K-2  for  the  ST-9  pump  comparing  flow  at  150  paid  and  0 paid  (extrapolated)  we 
have  the  total  leakage. 

Leakage  = 48.0  tb/min  - 40.5  Ib/min  = 7.5  tb/min 
Vi  of  leakage  = ^ = 3.75 

AP  ~ ~ -W1 

2fc  pA*2(C 

W*  ~ AP  pA*2fc 

W ~ 

Correcting  oil  flow  from  Type  II  to  Type  I (7808)  at  300°F 

WTt0T  = W„  yj  = W,i  f^jfl  w„  (0.973942) 

Zero  AP  flow  (no  leakage)  = (0.973942)  (48.0)  = 46.749 
150  psi  AP  flow  = (0.973942)  (40.5)  = 39.44466 
Leakage  = 46.75  - 39.44  = 7.31  Ib/min 


Vi  leakage  = = 3.66  Ib/min 


m . L , ..i  . , , 46.75  •-  flow  at  0 AP 

Flow  per  inch  of  pump  without  leakage  - _ element  lenRth 

58.48  th/tnin  (7808)/inch  length 


^ ImUii  total  * l(,  houalnc  irrlh  +■  W(w|  p|mr 


oV*  w* 

AP  - K - K 


pA’2, 


w,  » pA^_ap  w , t^TaF 


w. 


n/p2«c  AP  | 


W,ola,  * constant 


\/  ^«hrll  to  housing 

[ A 


\/  R^ritr  tort h 

A 


\/  Rfiut  plalr 

A 1 


sTK  •hr  II 


to  housing 


^K„ 


v/K. 


rnd  plntr 


Shell  to  housing 


A 

VK 


for  half  of  pump 


Approximate  length  of  shell  to  housing  leakage  path 


x 1.4373  0.750  0.625 


2.2577  - 0.375  - 0.3125  « 1.5702 


assume  f ■ 0.02 


K - 1.5  + -^  + Kl  - 1.5  + l°:f^H|702).  + o.62  - 1.5  -f  0.02  + 0.62  = 2.14 


A 

>/K 


0.000723 
\/  2.14 


0.0004942 


L _ 1.5702 
D„  1.7974 

- 0.8736 


Kl  - 0.62  From  Product  Engineering 
"Flow  Resistance  in  Piping 
and  Components,"  page  15 


End  plate  to  gear 


sf*T 


for  half  of  pump 


Treat  loss  as  orifice  K 1 

Cu 


1 

(0.6)* 


1 

0.36 


2.778 


A 


0.0011578 

V2.778 


0.0006947 
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I 


dear  teeth  leakage 

Treat  loss  as  orifice 


A 

\/K~ 
K = - 


for  half  of  pump 

1 = 1 _ 

CV  (0.6)' 


1 

0.36 


2.778 


0.00067773 


n/TT  s/2Tm 
Constant  = — 


0.0004063 


W(4  leakage) 


vAH 


Constant  = 


•hr  1 1 to  housing 


3.66 


n/K, 


K«*ar  trrlh 


\AK, 


nut  platr 


- For  1 a of  pump 


0.0004942  + 0.(XX)4063  + 0.0006947 
Constant  = 2294.38 


1.  Mi  shell  to  housing  leakage  » (2294.38)  (0.0004942)  = 1.1339 

Total  shell  to  housing  leakage  = (2)  (1.1339)  = 2.268 

Total  shell  to  housing  leakage  per  inch  of  pump  = 2.268/0.79942 
2.837  tb/min/in.  pump 

2.  4 gear  teeth  leakage  = (2294.38)  (0.0004063)  = 0.9322 

Total  gear  teeth  leakage  = (2)  (0.9322)  = 1.8644 

Total  gear  teeth  leakage  per  inch  of  pump  = 1.8644/0.79942 
2.3322  tb/min/in.  pump 

3.  4 end  plate  leakage  = (2294.38)  (0.0006947)  = 1 .5939  Ib/min 

Total  end  plate  leakage  = (2)  (1.5939)  = 3.1878  tb/min 

Check.  1.1339  + 0.9322  + 1.5939  = 3.66  tb/min 

Assume  the  leakage  areas  of  the  new  pump  are  the  same  as  the  ST-9 
test  pump. 
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1 


J 


Pump  Size 


Required  flow  = 152.5  tb/min  + 15  percent  over  capacity 
- 152.5  + 22.9  = 175.4  tb/min 

(no  lMktfl«i  shall  to  housing  leak 

i i 

175.4  = (58.48  tb/min/in.  pump)  (L)  ■ — (2.837  tb/min/in.  pump)  (L) 

gssr  trrth  Irak 


• nd  platr  Irakagr 


2.332  tb/min/in.  pump  (L)  — 3.188 


175.4  + 3.188  = 53.311  L 


, 178.588 

L = ieir 

Scavenge  Pump  Size 


3.3499  in.  = 3.35  in. 


Required  flow  = 88.6  Ib/min 

Ignore  leakages  due  to  small  pump  AP 

Size  pump  2X  size  with  no  overcapacity 

(2)  (88.6)  = 177.2  Ib/min 

177.2  tb/min  = (58.48  tb/min/inch  length)  (L) 


L - inf  - 3 03  in- 

Derivation  ot  Gear  Pump  Bearing  Journal  Loads 
For  low  pressure  applications  up  to  *200  psi 

1.  Assume  pressure  varies  linearly  from 

a = Oto  r and  constant  from  a = w to  3 r/2 


P = P max 


o <;  « » 


P = P max 


Discharge 


Suction 
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Metal  Temperature  ~ F 

Figure  K-l.  Coefficient  of  Thermal  Expansion  of  Pump  Materials 


Pump  A P 
(Gear  Discharge 


2.  Hydraulic  l^oad 
0 £ « £ » 


•Mr  width 

i 

dK„  - PdA  - ( Pm.,  — ) r d n w > wr-JW  rt  d « 

*■  1 

• £ a £-y- 

dF„  - (rdnw)-wr  Pmm,  d<t 
s-  dF*,  - dFh  ain  a 

0 < « < w 

p 

^Fny  * wr  - a ajn  <»  d <* 

• < «*  < -y 

dF„,  - wr  Pm„  ain  „ d a 

Pm« 

dFh,  tot. i " wr  ~ a ain  <*  d «»  + wr  PMI  sin  «»  d a 

Pm..  i'  'V*’ 

dPa,  iot.i  * J dl>hy  - wr  y-  J « sin  n d <»  + wr  Pm„  j ain  « d « 

0 » 

J n sin  a " sin  »»-  «>  cos  u 

Fh>  u,t«i  “ wr  (sin  « - a cos  «*)  | - wr  P,„«,  cos  « | ' ’ 

*■  o , 

p 

Fa,  - wr  — -'-l(O^r)  - (0-0)  | 

P a,  tot. i * wr  P ov.1  wr  Pm.,  m 0 

The  y components  therefore  cancel  each  other 


4.  dFhi  « dFh  cos  u 


0 < a < r 

P 

dF„,  = wr  — jp-  cos  a d a 

. . 3, 

w < a < — 2~ 

dF„,  = wr  Pm„  cos  a d a 

Pm.. 

dFhl  = wr  — a cos  « d a + wr  Pn,.,  cos  ado 

Pm..  T ;’lC/2 

Fh,  = wr  — =;:i-  J a cos  a d a + wr  Pmi„  ,1  cos  a d a 

* o . 

J a cos  ado  = cos  a + a sin  a 

Pm..  <r  3»/2 

Fh,  to„,  = wr  — (cos  a + a sin  a)  | + wr  P„,«,  sin  a | 

* 0 w 

F„,  = wr  (-1  + 0 -1  - 0)  + wr  Pm„  (-1  - 0) 

Fh.  lot. I 3 Pm..  ( * ^ i) 


Fh.  ioi.i  = +1.636  wr  Pm„,  toward  pump  inlet 

5.  The  Gear  Forces  Are  Calculated  As  Follows: 

Pump  HP 

m = oil  flow,  !b/min 
AP  = pressure  rise  across  pump,  psi 
p = oil  density,  Ibm/ft* 

»j  = pump  efficiency 
N = pump  speed,  rpm 


HP 


144  m AP 
(60) (550)  pV 


l\tmp  Torque 

(33000)(12)(HP) 
‘ 2r  N 


230 


’ ■'  ~ ' 


1 •.*  of  torque  is  transmitted  to  driven  (tear  and  1 1 absorbed  by  driver  ({ear. 
Tangential  Load 
1 T 

F,  = ~2~  H “ gear  pitch  radius 

Separating  Load 

F,  = F,  tan  8 8 = pressure  angle 

Idler  Gear 


hydraulic 

i 

FXI  = total  load  in  X direction  = FhI  + 


tangential  due 
lo  torque 

i 

F, 


separating 

load 


F,|  = total  load  in  y direction  = 
F,  = total  load  on  idler  gear 

F,  = V F,x’  + Fly* 


i 

F. 


.Separating 


Driver 
Tangential 
Due  To  Torque 


Idler  Tangential 
Due  to  Torque 


Hydraulic 

Load 


Load  Diagram 


Driver  Gear 


hydraulic 

i 

F*d  = load  in  X direction  = F„, 


tangential  due 
to  torque 

i 

F, 


ae  pa  rating 

load 

i 

FyD  = total  load  in  v direction  = F, 

FP  = total  load  on  driver  gear 

F0  « v/FXD*  + F,/ 


6.  Bearing  pressure  loads  are  given  by  the  gear  force  divided  by  the  projected 
bearing  area. 


F100-PW-100  JOURNAL  BEARING  LOADS 


1.  F100-PW-100  Pump 

p , up  m (im  (^P)  (ml  ,j  i 

P HF  (p)  Ip)  (33.000)  2 hp 

m oil  flow  in  th/min  150  Ib/min 
p - density  - 59  Ib/ft* 

N pump  speed  (rpml  » 4072  rpm 
Wr  » face  width  (in.)  » 1.36 
AP  =*  pressure  across  pump  = 150  psi  max 

(63.000)(2) 


T ” torque  inch- lb 


(13,9(X))  (0.293) 


30.93  in. -lb 


Now: 


r„  - gear  pitch  radius  = 0.584  in. 
r„  » pitch  radius  + addendum  = 0.750 
a “ (tear  pressure  angle  «=  28° 

F„x  - (1.636)  (Wr)  (r„)  (AP) 

T 

F,  - -z- ; F.  » F,  (tan  «) 

**rP 

Fix  “ F„x  + F, 

Fiv  - F. 


F,  - V F„*  + F,,’  » tb  livid  on  idler  gear 

Therefore: 

F100-PW- 100  journal  loading 
T - 30.93  in.  lb 

F„x  - 1.636  X 1.36  X -^x  160  « 250.3  lb 
30.93 


F,  - 


26.48  lb 


2(0.584) 

F.  - 26.48  (tan  28°)  - 14.08  lb 
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F.v  = 250.3  + 26.48  = 276.78  lb 


F1y  = F.  = 14.08  lb 


F,  = V 276.78*  + 14.082  = 277.14  tb/joumal 


277  14 

Press  load  on  journal  = (2j(o.455)(C).686r  = 443  9 **' 


2.  Scavenge  Pump  Journal  Size 


_ 144  x 15  x 150  _ 

59  x 1.00  x 33.000  " 


m = 150  Ib/min 


p = 59  lb/ft* 

N = 10,000  rpm 
WF  = 3.030 
AP  = 15  psi 

^ rr,  (63, 000)(0.166)  „ 

T = Torque  “ 10,000 = 1 046  m-Ib 


rp  = 0.281  in. 


r„  = 0.340  in. 


a = 28° 


F„,  = 1.636  X 3.030  X 0.340  X 15  = 25.28  lb 

F 1 046  = , — ~ 

' (21(0.281)  n 

F,  = 1.86  tan  28°  = 0.989  lb 

F„  = 25.28  + 0.989  = 26.269  lb 

FIy  = F,  = 0.989  lb 

F,  = V (26.2691*  + (0.9891*  = 26.28  lb  max  gear  load 


Load  per  journal  = _ jg  (4 


Allowable  load  from  FlOO-PW-lOO  pump  = 443.9  psi 
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Allowable  pressure  load 


Max  Journal  Load 
(bin.)  (length) 


443.9  I.  - 0.079  in.  journal  length 

From  Kxperience  Set  length  at  0.280  in. 

3.  Pump  Housing  Sample  Calculation* 


From 


Konrk  Table  X Case  -II. 

All  edges  fixed  uniform  load 
over  entire  surface. 


bum*  ft 


a 

b 

W 


Wb* 


t’ 


2.;  from  table  Konrk  page  227.  d 0.497 


S 0.497 


3.2 

To 

l-oad/in.* 

large  dimension  of  rectangular  area  under  load 
small  dimension  of  rectangular  area  under  load 
thickness,  in. 

180  \ (1.6)' 


— ft.H'H)  psi  bending  stress 


(0.180)' 

0.2  percent  yield  strength  of  AMS  41 17  3ft, (HH)  psi 


ft. 94 
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SF 


3ft, 000 
ft.  890 


4.  Un«  Six*  for  OH  Pump 

Inlot  I, mo  VoliHtlv  (1’ion.Hnro  I’limpl 


; 


L. 


V 5 It  moo  ( Kxporionoo) 

\V  150  Itvnun 

- 5 It /moo 


»> 

W 


55  th/n* 

„AY 

W u>  rotw 

i'V  ... , . , I'1!'  moo 

In  It  V It  MOO  V 

nun 


A 


A 


150 

55  \ 5 \ 00 

, JtDL 

•i 


0 00l>00  If 


If 


10 


■I  \ 0 00000 

ir 


l>  0.107  ft  \ 12-  1/20  in. 

I 'mo  1/250  with  0.005  wall 
ID  1.180 

A<‘tV,nlV  55  x"l  (I'lSOf  vOO  r' 5W  r'  1,00 


I'roMMuro  l.ino 

\’  * 15  It  /moo  Allmvnblo  ( Kx|>orionoo) 

W - ,,AV 

A - stttsV ,»> - 

A — 4- 

_ 0.IXVI8 

x 

I)  0.0018  \ 12  - 0.742  in. 


aw 


0 on  wall 


I 

Use  0.750  tubing  0.750  - 0.070  = 0.680  dia 


Actual  V = 


55 


150  X 144 

6J, 

4 


= 18  ft/sec 


Use  same  size  scavenge  inlet  and  pump  inlet.  Scavenge  discharge  from  pump 
use  0.625  OD  tube 
ID  = 0.555 

Q = 81.8  tb/min  (2/3  compt)  flow 

v = 81.8  X 144  X 4 ...... 

55  X w (0.556)*  X 60  ~ 14-7  ft/8ec 


5.  Carbon  Bushings  Comprasslva  Strata  Dua  to  Pratt  Fit 


0.375-a 


T 

0.4815-b 


Pai.  T (b/a)*  + 1 ] Reference:  New  Departure 

p;  L (b/a)*  - 1 - * J Analysis  of  Stresses  and  De- 

flections Copyright  46  by  A.  B. 
Jones,  page  161 


Graphite  Carbon  Material 
« = 0.12 
E = 3.8  X 10* 

^allowable  Compressive  = 45,000  psi 
o = 2.6  X 10  * in./in./°F 


FITS  (Carbon  to  Hag)  ratioed  down  from  F100-PW-100  pump 
Max  FIT  - 0.0025  + Da  dt 


= 0.0025  + (10  X 10  • in./in./°F)  (0.4815  in.)  (230°F) 

Max  FIT  = 0.0036  during  operation. 

P^T  (b/a)1  + 1 1 

E L (b/a)*  - 1 6 J 

o.oo36  , p- (0  4815)  [“  ± i _ 012 1 

3.8  X 10*  L (0.4815/0.375)*  - 1 J 

p _ 3.8  X 10*  X 0,0036  _ . 

P“  (0.4815H3.96)  71 75  p81  Pres8ure 

g _ P,  - (b/a)»  P„  (P,  - P„)  b» 

^ (b/a)*  - 1 + 4r*  [(b/a)*  - 1| 

Reference:  New  Departure  Analysis  of  Stresses  and  Deflections,  Copyright  46  bv  A.  B.  Jones, 
page  161-163. 

s = 0 - 1.649  (7175)  (-7175)  (0.4815)* 

0.649  4 (0.2 4)*  (0.648) 

S,  = -18,230  psi  - 11,141 

S,  = -29,371  psi  compress've  stress 

Comp  allowable  = 45,000  psi 
Pure  carbon  P5Ag 
Graphitic  carbon 

6.  Quill  Shaft  Straaaas 

hp= 

"P  33,000  r,p 
hp  = 2.746 

T = 63,000  X = 17.29  in.-tb 

Make  2 pumps  of  equal  length  .-.  each 

quill  transmits  W torque  = 8.645  in.-tb  . v 


^D-0. 


237 


I i 


Spline  load  “ W 

W - 69.16  lb 

Spline  bearing  stress 
S„ 


'2  (8.64ft) 
0.250 


2T 


DNFhk 


T * Torque  - 8.645  in. -lb 
D - Pitch  dia  « 0.260 
N - No.  teeth  » 11 
hg  - Working  depth  = 0.0128 
F = Face  width 
Sb  - 3500  psi  allowable 
(working  quill  shaft) 


3500 


2 (8.645) 


0.250  X 11  x F X 0.0128 
F = 0.140 

Shear  Stress  in  Quill  Shaft 
Material:  Hll  Tool  Steel 

S*h*.j»r  «|)o»  = 0.96  ( 200,000)  (0.57)  = 108,:t00  psi 


'•h«r 


s, 


'•h#ar 


TL 
J ’ 

16  x D x T 
«•  (D)‘ 


o 16  X (0.176)  X 8.645  . . 

h = w (0.176)* “ 8076  P8'  8hear 

SP  3 108,300, 

8,076  w-4 


1 
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APPENDIX  L 
OIL  TANK  DESIGN 


1 


Oil  Tank  Mount  Brack*!  Strata 


Tank  WT  * 251b 


Oil  WT  = 2.76  gal  X 7.74tb/gal  = 21. 2851b 


2M,  = 0 = 21.285  X 1.25  + 25  X 2.3  - 46.285y 


26.6+JT5 

y 46.285  1,01 ' 


2Mg  = 0 = 25  X 3.6  + 21.285  X 5.2  - 46.285X 


90  + 110.682  . ... 

X 46^285  4336 


Tank  & Oil 


Assume  lOg  Load 


2M  „ A,„  - 0 = 12.63  R,  - 46.235(8. 73)(10) 
R,  = 3201b 

2F  t+  * 0 = 320  - 462.85  + 2 R, 


© 


R,  = 71.421b 
At  R,  = 3201b 

Reference:  Roark  Table  X,  case  5 

r„  = 0.6 
a - 0.8 


Sr  max  = 


K = - 0 49a--  = , 0 2791 

(r„  + 0.7a)*  [0.5  + 0.7(0.8)]* 


Sr  max 


72,754  pai 


4r(0.062)*(0.5) 


S.i,„w  = 94,600  psi 

AISI  410  at  350°F 


a » 


MC 

I 


(0.S)(320)(0.115) 
J_  (2. 125X0.230)' 
12 


» 8539  pai 

F.S.-  jj£  - 1U 

At  R,  » 71.41b 

Ignore  Brace 

MC  _ 2.1(71.4)(0.125) 

* I J_  (1.2X0.25)' 

12  1 

<r  = 11995  pai  F.S.  - ^ = 7.< 


Reaction  of  above  moment  on  end  plate 


Roark  Table  X,  case  5 
r„  - 0.750 
a = 2.0 


49a' 

(r„  + 0.7a)' 


(0.49X2)' 
[(0.75)  + 0.7(2)] 


1 


s. 


3M  f , , (M  + l) 

- “ 1 + m 

3(71.4)(2.1)  f . M 
4r(0.125)*(0.75)  I 3.3 


'^1 


= 7357.7  psi 

F.S.  = yf  = 12.84 


Figure  L-l.  Oil  Tank  Center  of  Gravity  Calculations 
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Buckling  Collapsing  of  Tank  Dua  to  Extarnal  Praaaura  During  Component  Taata 


The  various  parts  of  the  oil  tank  can  be  considered  complete  rings. 


A minimum  safety  factor  of  4 on  buckling  and  3 on  tensile  and  bending  stresses. 

Outer  Wall  , 

Reference:  Roark  Table  35,  f \ 

Case  196,  5th  Edition  7 )' 


0.807(30  X 10*)(0.031)1 
9 X 9.43 


4/f  1 1 • (0-031)* 

V l 1 -(0.3)*  J (9.43)* 


16.8697  < 48  (=  12  X 4)  .\  0.031  not  thick  enough 


Tn  t = 0.062 


q = 16.8697  X 


( 0.062  ) ‘ 
' 0.031  ' 


X v4/ 

V (0.031  )* 


q = 95.43  > 48  0.062  is  O K. 


•••  SF  ’ TTT2  * 4 ’ 7 95 


3x»  allow  = 79000  •-  0.2ri-  yield  for  welded  410  assy  at  400°F 


a allow  = = 26333  psi 


Forward  Cone 


Reference:  Roark  Table  XIII, 

Case  4,  4th  Edition 

e PR  (12)(75)  ,ao 

S,  2(  cos  a (2)(0.062)  COS  58 

= 384.6  psi  O.K. 


„o  4.5 
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For  Axial  End  Support 


s,  = p i2(i-V)  ain  a + V-a/2) B. 

V 2t*  cos  a i cos  a 


= 0.20040  psi 


For  Tangential  End  Support 

PR  _ 12(7.5) 


S,  = 


t cos  a (0.062)(cos  58°) 


= 2739  psi 


O.K.  for  410  SST 


Reference:  Roark  Table  XIII 

Case  3,  4th  Edition 

Rear  Cone 

S = 12<64>  cos  5go 

5,1  2(0.062)  008  58 

= 328  psi 

For  Axial  End  Support 


I 

4.5 


S = 12  T vV^MOtT  n / 6.4*  ain  *28°  (1  -0.15)761) 

S*  v 1 • V 2(0.062)*  cos  28°  0.062(cos  28°) 


= 12  (-630  + 99.373)  = 12  ( - 531.4) 
= -6376.9  psi 

For  Tangential  End  Support 


S,  = 


PR  12  X 6.4 
t cos  a 0.062  cos  28 


= 1402  psi 
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APPENDIX  M 

HIGH-SPEED  DRIVE  TRAIN  ANALYSIS 

JTSD  Gears  Used  In  Compartmental  Luba  System  (Check  Gears  for  Rig  Condition) 

For  Slowest  Gear  (Pump) 


Actually  I «T  hp 

i 

<•>  T ■ 63  028  wlLXn,  ' 63  028  in 

Idler  T » 63{^^°)  = 36.48  in.-tb 


(small  gear  and  large  gear) 


T/S  Gear  T = ^-^0)  = 23.6  in.-lb 


(b)  force  on  Gear 


Pump  Gear 

w • sS  * 32-189  18 

Idler 


W « 


2(36.4) 

2.3 


31.662  !b 


T/S  Gear 


W = 


2(23,6) 

2.9166 


16.183  lb 


fcj  Pitch  L/ne  Velocity  ( V)  - 0.262  (D)  (N)  him  in 

Pump  and  Idler  (small) 

V = 0.262  (3.918M  10,000)  = 10,265  ft/min 
Idler  (large)  and  T/S  H Gear 


V = 0.262(4.50X17.000)  = 20,043  ft/min 
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•in  (46)(2.3)(136,000)M.704) 


For  Idler  — Towers  ha  ft 


F = _21  X 10*(35.43)(2.543)  _ _W  _ 

•in  45(4.5)(136,500)*(  1.543)  ’ F “ 763 


Actual  F = 0.170  min 

(0)  Wd  = 0-06V  [F  (C)+W1 

1 ' - 0.06V  + [F  (C)  + W)V7  + w 

For  Pump  Gear 

w , 0.05(10.265)  10,021(890)  + 32.161  on 

0.05(10,265)  + [(0.021K890)  + 32.161Vi  + 3216 

= 50.15  + 32.159 


82.3  lb 


W*  = 82.3 
F 0.021 


3919.6 


At  -p4  = 3920,  Pd  = 8.3  D.P.  Actually  is  11.7391,  so  is  OK. 
At  R = 0.031,  K = 1.3 


(g)  For  Pump  Qmor  X - 0.075  (5905  printout) 

(ft)  W.  = 0.667(63,000)(0.170)(0.075) 


= 412.2  £ Wd  = 82.3 


(I)  NIA 


850.426  ;>  1.5  W„  = 123.45 


(k)  Ho  T.bO) 


Wav*  Washtra  (aa*  Figure  M-1) 


Figure  M-1.  Idler  Shaft  Wavewasher  Gap 


Idler  Shaft 

50  + 75  lb 

OD  = 1.65  max 
ID  = 1.25  min 

Use  2 — Associated  Springs 
P/N  W1621-019 

Bevel  Gear 

75  + 100  tb 

OD  = 2.830  max 
ID  = 2.2  min 

Associated  Spring 
P/N  W2816-030 


2. 


65  tb/0.1  in.  = 85  tb/A 


A = x 0.1  = 0.13077  Deflection 

DO 

0.197  - 0.13077  = 0.0662  Installed  Height 
Need  0.0715  gap  for  spring  pre-load 
Gap  = 0.0715 

2.295 

3.1578  0.403 

+ Gap  + X 

3.229  3.229 

X = 0.531 

Calculation  of  Wavewasher  Deflection 

Reference:  Mechanical  Springs 

The  William  D.  Gibsor  -~o. 
p 93 


1/f  = 

Ebt'N* 

P 1.94  D* 

b = 

1.621 

- 1.261 

2 

= 0.18 

D = 

1.621 

+ 1.261 
2 

= 1.441 

P = 

32 

t = 

0.0185 

N = 3 

E = 30  X 10* 

1/f  = 16.963 
f = 0.05895 

Installed  Height  = 0.112  - 0.05895  = 0.053 


45  pslg 


Jet  (1)  W, 


3 Ib/min 


th/sec , W, 


Jet  (1) 


Jet  (2) 


±l> 

P 

KC 


K, 


K, 


A,* 


A, 


D, 


A.* 


A 

D, 


60 


tb/aec 


22.5  psi 
57.9  tbm/ft* 


32.2 


ft  • Ibm 
lb,  - sec* 


1.5  + 04  0.038  (4)  - 1.652 
1.5  + 0.55  (.038)  (1)  - 2.088 


KW*  1.652  (1/20)* 

pAP2*c  “ 57.9  ( 22.5)  (2  X 32.2)  (1/144) 


0.0000070886 


~ - 0.0026624 
v'000338995  - 0.05822  in. 

A,*  ) - A,*  (1/3)  (1.3362)  - 0.0000031584 

0.0017772  - 

V 0.0022628U  2 - 0.047569  - D,  - D,  - D4 
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APPENDIX  0 

DATA  LOG  FOR  COMPARTMENTAL 
LUBRICATION  8Y8TEM  50-HR 
ENDURANCE  TEST 


This  appendix  contains  all  of  the  data  recorded  during  the  50-hr  endurance  test  of  the 
Compartments!  Lubrication  System  Rig. 
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APPENDIX  P 

SYSTEM  SAFETY  ANALY8IS  REPORT 


Thi*  appendix  contains  the  System  Safety  Analysis  Report  which  documents  the  safety 
analysis  performed  during  the  design  and  fabrication  of  the  test  hardware.  This  report  is  included 
as  a part  of  the  final  report  as  specified  in  paragraph  7.0  of  the  Statement  of  Work  (Section  F of 
Contract  F33615-75-C-2075). 
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COMPARTMKNTAl.  LUBRICATION  SYSTEM  PROCRAM 
SYSTEM  SAFETY  ANALYSIS  RETORT 

This  System  Safety  Analysts  Report  Identifies  and  describes  the 
system  and  consonant  malfunction  modes  of  the  system  test  rig  (Rig  No. 

K 34  024 ) for  the  Con^artmenta  1 Lubrication  System  Program.  System  fea- 
tures and  procedures  which  will  be  employed  to  prevent  damage  to  the 
hardware  or  injury  to  test  personnel  are  listed.  This  report  satisfies 
the  requirements  of  paragraph  7 of  the  contract  (F33615-75-C-2075)  and 
was  conducted  in  accordance  with  paragraph  5.8.2. 1 of  M1L-STD-882. 

Attachment  A provides  the  Preliminary  Hazard  Analysis  for  the 
system  rig  hardware  at  both  the  system  and  component  level.  A brief 
description  of  each  column  of  the  Preliminary  Hazard  Analysis  form  is 
as  fol lows : 

Co lumn  1 . Hazard  - This  column  lists  the  applicable  malfunction 

mode(s)  for  the  component.  All  recognized 
hazard  modes  for  the  component  are  listed  and 
each  is  a basic  condition  analyzed  in  columns 
2 through  6 . 

Column  2.  Operation  Phase  - This  column  lists  the  operational 

phases  in  which  a malfunction  constitutes  a 
hazard. 

Column  3.  Effact(a)  - The  effect(s)  of  the  components  abnormal 

condition  on  its  operation  is  shown. 
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Column  4.  Haaard  Clan  - The  haaard  mode  la  claaalfled  In  accord- 
ance with  M1L-STD-882 . 

Claaa  1 - Negligible 

Claaa  II  - Marginal 

Claaa  III  - Critical 

Claaa  IV  - Catastrophic 

Column  5.  Haaard  Control  - This  column  la  uaed  to  llat  system  fea- 
tures and/or  procedures  that  may  be  em- 
ployed to  control  hasardoua  conditions. 

Column  6.  Remarks  - This  column  Includes  additional  Informa- 
tion needed  to  clarify  or  verify 
Information  In  the  other  columns. 
Recommendations  to  Improve  system  safety 
are  also  provided  in  this  column. 

Attachment  B lists  the  precautions  which  are  taken  at  the  test 
facilities  to  prevent  damage  to  the  system  rig  and  to  prevent  Injury  to 
teat  personnel.  A flow  schematic  for  the  system  rig  Is  shown  on  Figure 
1.  System  and  component  layout  drawings  used  for  this  analysis  are  as 
follows : 

L-232724  Concert mental  Lubrication  System  Rig 

L-231899  Conpartmental  Lubrication  System  Oil  Tank 

L-231893  Compartmental  Lubrication  System  Oil  Pump 
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Figure  1.  System  Test  Schematic 


H-77 


>0-77 
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ATTACHMENT  B 


C0MPARTMENTA1.  LUBRICATION  SYSTEM  TEST  FACILITY  SAFETY  REVIEW 

1.  The  rig  area  is  weather  protected  by  a roof  and  is  open  on  two  sides, 
with  restricted  access. 

2.  Stand  personnel  are  inside  an  air  conditioned  control  room  separated 
from  the  rig  area  by  an  8"  concrete  wall,  containing  a blast  resis- 
tant viewing  window. 

3.  Test  area  piping  systems  are  designed  in  accordance  with  the 
American  national  standard  code  for  pressure  piping,  ANSI  B31.3- 
1973,  "Petroleum  Refinery  Piping,  Division  A." 

4.  Test  area  tubing  systems  are  designed  in  accordance  with  MI L-F-5509-C , 
"Military  Spec.  Fittings,  Flared  Tube,  Fluid  Connection." 

5.  Valves,  flanges  and  gaskets  are  designed  in  accordance  with  ANSI 
B16.5,  "Steep  Pipe  Flanges  and  Flanged  Fittings." 

6.  Fire  protection  is  provided  by  three  separate  systems. 

A.  Water  spray  fixed  system,  designed  in  accordance  with  NFPA  No.  15, 
which  can  be  activated  manually  by  stand  personnel. 

B.  Dry  powder  "Ansul"  system  for  fire  inside  the  test  chamber, 
activated  manually  by  stand  personnel. 

C.  Stand  personnel  can  also  activate  a steam  system  for  fire  control 
when  conditions  require  additional  protection. 

7.  The  rotating  drive  systems  are  protected  by  over -speed  sensors. 
Lubricating  oil  low  level  warning,  over -temperature  warning  systems, 
variable  speed  coupling  water  level  indicator  and  water  pressure 
warning  signals.  A water  outlet  over  temperature  sensor  will  shut 
down  the  drive  motor. 
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8.  The  rotating  drive  systems  are  equipped  with  vibration  Indicators 
which  are  monitored  by  stand  personnel  Inside  the  control  room. 

9.  Piping,  tubing  and  pressure  vessels  are  protected  by  ASME  approved 
pressure  relief  valves  set  torelleveat  10%  above  the  system 
operating  pressures.  These  valves  dump  to  safe  disposal  systems. 

10.  Electrical  Installation  Is  In  accordance  with  NFPA  70,  the 
National  Electric  Code. 
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